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Abstract 

The ostrich industry in South Africa is currently threatened by respiratory disease in feedlot ostriches 

which causes a dramatic loss in production. Ms01, Ms02 and Ms03 were identified as the three ostrich-

specific mycoplasmas to be associated with this respiratory disease in ostriches of South Africa. The 

ostrich-specific mycoplasmas have a major impact on ostrich production and for this reason there is a 

serious need for treatment for these infections.  

For this reason, the ostrich industry has undertaken an investigation into the development of vaccines 

against mycoplasma infections. In this study, an approach to DNA vaccine development will be 

investigated and applied, specifically for the ostrich mycoplasma Ms02. Firstly, the whole genome of 

Ms02 was sequenced using GS FLX sequencing technology. The contiguous sequences obtained from the 

whole-genome sequencing were analysed bioinformatically which included the annotation of the 

contiguous sequences and the subsequent search for a vaccine candidate gene for the development of a 

DNA vaccine. The P100 gene of Ms02, which showed a high degree of homology with the P100 gene of 

the human pathogen M. hominis, was chosen as a vaccine candidate gene for the development of a DNA 

vaccine. The P100 gene was successfully cloned and subsequently modified by means of site-directed 

mutagenesis to correct for alternative codon usage, where after the modified P100 gene was subcloned 

into the mammalian expression vector, pCI-neo for vaccination trials in the near future.  
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Opsomming 

Die volstruisbedryf van Suid-Afrika is tans bedreig deur 'n respiratoriese siekte in voerkraal volstruise 

wat lei tot aansienlike verliese in volstruisproduksie. Ms01, Ms02 en Ms03 is geïdentifiseer as die drie 

volstruis-spesifieke mikoplasmas wat 'n rol speel in hierdie respiratoriese siektes van volstruise in Suid-

Afrika. Die drie volstruis-spesifieke mikoplasmas het 'n groot impak op die produksie van volstruise en 

om hierdie rede is daar 'n ernstige behoefte aan 'n behandeling van hierdie infeksies.  

Ten einde mikoplasma infeksies in volstruise te voorkom, het die Suid-Afrikaanse volstruisbedryf 'n 

ondersoek geloods na moontlike strategieë vir entstof ontwikkeling. In hierdie studie, is 'n benadering van 

DNA entstof ontwikkeling ondersoek en toegepas, spesifiek teen die volstruis mikoplasma Ms02. 

Eerstens, is die volledige Ms02 genoomvolgorde bepaal deur gebruik te maak van GS FLX 

volgordebepalingstegnologie. Die gedeeltelike volgordes verkry vanaf die heelgenoom volgordebepaling 

is bioinformaties geanaliseer wat die annotering van die gedeeltelike volgordes asook die soektog vir 'n 

kandidaat entstof geen vir die ontwikkeling van 'n DNA entstof ingesluit het. Die P100 geen van Ms02, 

wat hoë homologie met die P100 geen van die menslike patogeen M. hominis getoon het, is gekies as die 

kandidaat entstof geen. Die P100 geen is suksesvol gekloneer en gemodifiseer deur middel van setel-

gerigte mutagenese om die P100 geen geskik te maak vir die invoeging in die soogdier ekspressie vektor, 

pCI-neo vir toekomstige entstofproewe.  
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Chapter 1 – Introduction 

Ostrich farming in South Africa started in the early 19
th
 century and the natural conditions in South 

Africa are ideal for ostrich production. In 2002, approximately 340 000 ostriches were slaughtered in 

South Africa, and 5 295 000 kg of meat was produced. In 2005, exports of ostrich products amounted to 

R 1 200 million, representing approximately 5% of the total agricultural exports of South Africa, with 

leather, meat and feathers contributing 65%, 30% and 5% respectively (Brand and Jordaan 2010). The 

Western Cape is the largest contributor to ostrich production, contributing 75% of all the ostrich 

production in South Africa. Ostrich meat is popular in Europe as it is very healthy with almost no fat and 

low cholesterol (South African Ostrich Business Chamber, 2010). Importantly, the ostrich industry of the 

Western Cape in South Africa provides employment to approximately 14% of all labourers in the 

Western province which represents approximately 20 000 workers (McDonald and Punt 2001). 

Consequently, the ostrich industry has a significant impact on the economy of South Africa and a 

reduction in the production of ostriches will have considerable negative consequences.  

Respiratory problems in ostriches in Oudtshoorn caused by ostrich-specific mycoplasmas (Botes et al. 

2005) lead to direct and indirect complications. The ostriches need more feed and more time to grow to 

get to their slaughter weight, condemnation of the ribcages of carcasses is increased, and an increased 

susceptibility to secondary infections are all contributing factors that lead to an increase in mortality rates 

and treatment costs (Olivier 2006). Thus the ostrich-specific mycoplasmas have a major impact on the 

production of ostriches and therefore the economy of South Africa and there is a serious need for 

treatment of these infections. 

For this reason, the ostrich industry has undertaken an investigation into the development of vaccines 

against mycoplasma infections. Recently, the approach to administering poultry mycoplasma vaccines 

was shown not to be effective in eliciting a protective immune response, thus concluding that a species 

specific mycoplasma vaccine is required and a DNA vaccine for Ms01 was developed (Pretorius 2009). 

In this study, a similar approach to that followed by (Pretorius 2009) was used for the development of a 

DNA vaccine for the ostrich-specific mycoplasma Ms02.  

The objectives of this study were therefore: 

1. To isolate the genomic DNA (gDNA) of the ostrich-specific mycoplasma Ms02 in order to use this 

DNA to sequence the whole genome as far as possible. 

2. To apply bioinformatic analyses to annotate the genome of Ms02. 

3. To use a bioinformatics analysis to search the whole-genome sequencing data for a potential candidate 

gene for the development of a DNA vaccine. 

4. To identify and amplify the candidate gene, clone it, modify it and subclone it into a suitable DNA 

vaccine vector.  
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In this thesis an overview of mycoplasmas, including the classification, evolution, phylogeny, genomic 

features, morphology, biochemistry and the pathogenesis of mycoplasmas will be given in Chapter 2. The 

poultry and ostrich-specific mycoplasmas will be discussed, as well as the potential and possible 

strategies for the development of innovative vaccines. The bioinformatic analyses and annotation of the 

whole genome of the mycoplasma Ms02, and the identification of a candidate gene for DNA vaccine 

development will follow in Chapter 3. Subsequently, in Chapter 4, the isolation and modification of the 

possible vaccine candidate gene of the ostrich-specific mycoplasma Ms02 and the insertion of this gene 

into a suitable DNA vaccine vector, is described. Chapters 3 and 4 are written in publication format to 

facilitate later publication of this research. A conclusion and future perspectives are given in Chapter 5, 

followed by a reference list and appropriate addenda including the annotation of the whole genome of 

Ms02, the nucleotide and translated amino acid sequence of the P100 gene of Ms02, and the alignment of 

the P100 gene sequence after site-directed mutagenesis (SDM).  
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Chapter 2 – Mycoplasma Features, Virulence, Host Specificity and Vaccine 

Development 

2.1 Introduction 

Mycoplasmas are parasites as well as commensals of a wide range of hosts, in most cases causing 

disease. Mycoplasmas evolved from walled bacteria ancestors and consequently lost the ability to 

produce a cell wall and only have a plasma membrane separating the environment from the organism. 

This membrane is assumed to fulfil the function of a cell wall and is involved in various adaptations to 

the host’s environment including the mediation of both physical interactions with the environment and 

essential transport functions. These complex interactions must be executed by crucial membrane proteins. 

Several disease causing mycoplasmas have the ability to adhere to the epithelial cells of their host, by 

means of a mycoplasmal surface protein or adhesin, which is a prerequisite for the development of 

disease (Bove 1993, Razin 1985). For the development of a new strategy for the prevention and control of 

infection with pathogenic mycoplasma species, it is necessary to understand the cellular processes and 

mechanisms of particularly pathogenesis. In this literature review, an overview of mycoplasmas will be 

given, including the taxonomy, evolution, phylogeny, genomic characteristics, morphology and 

biochemistry, distribution, as well as their pathogenicity. An in depth overview of avian mycoplasmas 

will then follow, with a focus on pathogens of commercial poultry, as well as the pathogenic ostrich-

specific mycoplasmas, Ms01, Ms02 and Ms03. The epidemiology of these pathogens, as well as currently 

available treatments will be outlined, followed by a summary of strategies for the development of 

vaccines against mycoplasmas. 

2.2 Taxonomy 

In 1889, the term mycoplasma (mykes, fungus; plasma, formed), was first defined by A.B. Frank as 

“fungus infected protoplasm” and then in 1897, Jakob Eriksson used the term to assign the relationship 

between plant-invading fungi (due to fungus-like characteristics) and their host cells (Krass and Gardner 

1973). Ironically, mycoplasmas are not fungi. 

The absence of a cell wall distinguishes the mycoplasmas from other bacteria and taxonomically groups 

the mycoplasmas in the class of Mollicutes. The Mollicutes genus is the only class within the division 

Tenericutes (wall-less bacteria) of the kingdom Procaryotae (Freundt 1973). The distinct class of 

prokaryotes, the Mollicutes (mollis, soft; cutes, skin) are classified on the basis of various characteristics 

namely: the lack of a cell wall, the unusually small genome size with a low G+C content and the unusual 

nutritional requirements. According to these characteristics, the members of the class Mollicutes are 

comprised of five orders namely; Acholeplasmatales (Acholeplasma), Anaeroplasmatales 

(Anaeroplasma, Asteroleplasma), Entomoplasmatales (Entomoplasma, Mesoplasma, Spiroplasma), and 

Mycoplasmatales (Mycoplasma, Ureaplasma)(Bradbury 2005, Razin et al. 1998, Weisburg et al. 1989). 
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The Mycoplasmatales are considered to have evolved phylogenetically more recently due to their minute 

genome sizes. In contrast, the members of the orders Acholeplasmatales, Anaeroplasmatales and 

Entoplasmatales are considered as phylogenetically early mollicutes according to their larger genomes 

(Razin et al. 1998). Moreover, the nutritional requirement for exogenous sterol formed the basis to which 

the sterol-nonrequiring mollicutes (Acholeplasma and Asteroleplasma) are distinguished from the sterol-

requiring ones (Razin et al. 1998, Weisburg et al. 1989). The different features of the class Mollicutes is 

summarised in Table 2.1, to illustrate the classification of the genus Mycoplasma in the class Mollicutes. 

The mycoplasma genus is the largest genus in the class Mollicutes with more than one hundred 

mycoplasma species identified to date. It is hence not surprising that the term ‘mycoplasma’ is still used 

interchangeably with the term ‘mollicute’ even though the term should only be reserved for the organisms 

of the genus Mycoplasma (Bradbury 2005, Razin et al. 1998). The genus Mycoplasma is the focus of this 

study and therefore, the term ‘mycoplasma’ and not ‘mollicute’ will be used in the remainder of this 

thesis.  

2.3 Evolution 

The discovery that mycoplasmas are defined as the smallest and simplest self-replicating organisms led to 

the subject of origin (Razin 1987). Two models were formulated for the origin of mycoplasmas. In the 

first model it is suggested that the mycoplasmas have arisen by degenerate evolution. Mycoplasmas must 

have originated from different bacteria species and therefore the various mycoplasma species would not 

be phylogenetically related (Neimark and London 1982). In contrast to the first model, the second 

proposes that the mycoplasmas were the precursors of bacteria. The proposal was supported by the 

assumption that the minute genome of mycoplasmas duplicated numerous times to produce the ancestral 

bacteria, which then evolved to today’s bacterial groups (Morowitz and Wallace 1973, Wallace and 

Morowitz 1973). In contrast it was found that neither of these proposals was entirely correct. As a 

consequence of the application of nucleic acid hybridization and sequencing studies, it was shown that 

the mycoplasmas are monophyletic and originated from a low G+C content Gram-positive branch of 

walled eubacteria by means of degenerate evolution (Weisburg et al. 1989, Woese et al. 1980). This 

evolution resulted in an immense lessening of the genomic sequence giving rise to the diminutive genome 

size of mycoplasmas with a decrease in genetic and physiological complexity leading to their obligatory 

parasitic lifestyle (Dybvig and Voelker 1996, Razin et al. 1998, Rocha and Blanchard 2002). 

The reduction in genome size as a result of the degenerate evolution of mycoplasmas was proven by 

comparative genomics to have resulted from an event often referred to as ‘gene-saving’, the loss of non-

essential genes, and not from enlarged gene density or a decrease in gene size. These non-essential genes 

were those encoding proteins involved in cell wall synthesis, as well as genes mediating the production of 

enzymes in many anabolic pathways (Razin et al. 1998). This evolution lead to mycoplasmas losing their 

cell wall and their capacity for various metabolic processes (Woese et al. 1980). Furthermore, the genes 

encoding enzymes that mediate DNA replication and repair, transcription and translation as well as 
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processes such as cell division, cell killing and protein secretion were also lessened. On the other hand, 

the preservation of so-called ‘housekeeping’ genes in mycoplasmas was maintained throughout 

evolution, which confirms that the amount of gene-saving in the categories for self-preservation was 

restricted (Razin et al. 1998). Therefore, the degenerate evolution of mycoplasmas has resulted in a 

platform defining the minimum gene set for sustaining self-replicating life (Dybvig and Voelker 1996, 

Maniloff 1996, Razin 1985). Mycoplasmas constitute the best experimental model for experimentally 

defining a minimal gene set and are the ultimate organisms for identifying and defining the different roles 

each gene has in pathogenesis (Dybvig et al. 2010, Gibson et al. 2010). Consequently, by examining the 

genomic data of mycoplasmas, the genes which are essential for life could be delineated (Razin et al. 

1998). 

2.4 Phylogeny 

Based on comparative analysis of the 16S rRNA gene sequences of mycoplasmas, the phylogenetic 

association between bacteria and mycoplasmas was established (Woese et al. 1980). It was concluded 

that mycoplasmas are related to a branch of Gram-positive eubacteria with low G+C composition and a 

clostridial phenotype (Clostridium innocuum, and C. ramosum) (Razin 1985, Weisburg et al. 1989). 

Based on the 16S rRNA gene sequence analysis of the mollicutes, the mycoplasma genus can be further 

subdivided into four phylogenetic groups; (a) the anaeroplasma group, (b) the spiroplasma group, (c) the 

pneumonia group, and (d) the hominis group (Dybvig and Voelker 1996). These four groups were also 

retrieved in our phylogenetic analysis as shown in Figure 2.1. 

2.5 Genome structure, Organization and Regulation 

2.5.1 General characteristics of the mycoplasmal genome 

The genome of mycoplasmas is typically prokaryotic in the sense that it is constructed of a plasma 

membrane, ribosomes and a circular double-strand DNA molecule, but mycoplasmas differ from 

prokaryotes by having smaller genomes and a lower G+C content than any other self-replicating cellular 

organisms (Razin 1985, 1997). The sizes of mycoplasma genomes range from 580 kilobases (kb) in M. 

genitalium to 1 380 kb in M. mycoides subsp. mycoides, with M. genitalium reported as the smallest 

genome (Dybvig and Voelker 1996, Fraser et al. 1995, Lucier et al. 1994, Razin et al. 1998). The 

difference in genome sizes is prominent in the genus as well as the species of the same genus as seen in 

Table 2.1. The variability in size of the mycoplasma genomes could be ascribed to the occurrence of 

numerous repetitive DNA sequences (Razin et al. 1998). 
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Table 2.1 Summary of the different features of the class Mollicutes to illustrate the classification of the genus Mycoplasma in the class Mollicutes. 

Clasification 

Class: Mollicutes 

No. of 

species 

Genome size 

(kb) 

Mol% 

G+C  

Unique nutritional requirements / 

distinctive features  

Sterol 

requirement 
Host / habitat 

Order I: Mycoplasmatales 

    Family I: Mycoplasmataceae 

      Genus I: Mycoplasma
* 

      Genus II: Ureaplasma 

 

 

<120 

6 

 

 

580 - 1 380 

760 - 1 170 

 

 

23-41 

27-30 

Optimum growth at 37ºC 

 

 

Uses urea as energy source 

Yes 

 

 

 

Humans and animals 

 

 

 

Order II: Entomoplasmatales 

Family I: Entomoplasmataceae 

      Genus I: Entomaplasma 

      Genus II: Mesoplasma 

    Family II: Spiroplasmataceae 

      Genus I: Spiroplasma 

 

 

5 

12 

 

22 

 

 

790 - 1 140 

870 - 1 100 

 

780 - 2 220 

 

 

27-29 

27-30 

 

24-31 

Optimum growth at 30ºC 

 

 

 

 

 

Yes 

 

 

 

 

 

Plants and insects 

 

 

 

 

 

Order III: Acholeplasmaatales 

    Family I: Acholeplasmataceae 

      Genus I: Acholeplasma 

 

 

13 

 

 

1 500 - 1 650 

 

 

26-36 

Optimum growth at 30ºC-37ºC 

 

 

No 

 

 

Animals, insects and plant 

surfaces 

 

 

Order IV: Anaeroplasmatales 

    Family I: Anaeroplasmataceae 

      Genus I: Anaeroplasma 

      Genus II: Asteroleplasma 

 

 

4 

1 

 

 

1 500 - 1 600 

1 500 

 

 

29-34 

40 

Oxygen sensitive anaerobes 

 

 

 

Sometimes 

 

Yes 

No 

Rumens of cattle and sheep 

 

 

 

Undefined 

      Phytoplasma 

 

Not defined 

 

530 - 1 350 

 

23-29 

 

Optimum growth at 30ºC 

 

No 

 

Plants and insects 

*Class: Mollicutes, on basis of cell wall absence; Order: Mycoplasmatales, based on exogenous sterol requirement; Family: Mycoplasmataceae, based on genome size; 

Genus: Mycoplasma (Table adapted from: Dybvig and Voelker 1996, Kleven 2008, Prescott et al. 2002, Razin et al. 1998, Robinson and Freundt 1987, Weisburg et al. 1989).
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Figure 2.1 A phylogenetic tree of mycoplasmas based on a parsimony analysis of 16S rRNA gene sequences. This 

tree represents one of eight of the shortest trees retrieved in a heuristic search (CI = 0.381, RI = 0.696). The 

branches that collapse in the strict consensus tree are indicated with arrows. Branch lengths and bootstrap values are 

indicated above and below the line respectively.  
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2.5.2 Repetitive DNA sequences 

It is interesting to find that organisms with the smallest genome possess repetitive DNA 

sequences/elements at a high frequency. The DNA elements found in the genome of mycoplasma species 

consist of both insertion sequence elements and several fragments of protein-coding regions. A 

remarkable characteristic is that the repetitive elements in mycoplasma genomes consist mainly of genes 

related to the production of major membrane surface antigens. The recombination of these genes and the 

repetitive elements to which they are related may give rise to antigenic variation in mycoplasmas (Dybvig 

and Voelker 1996, Razin et al. 1998).  

2.5.3 Genomic base composition and codon usage 

Mycoplasmas are recognized by having a very low G+C content typically ranging from 23 to 41 mol%. 

The guanine and cytosine bases are unevenly distributed throughout the mycoplasma genome with these 

bases being more abundant in the coding regions (Dybvig and Voelker 1996, Razin et al. 1998, Weisburg 

et al. 1989). The base composition in mycoplasma genomes is evident in their unique codon usage. The 

evolution of mycoplasmas led to the preferential usage of adenine and thymine-rich codons (Razin 1985). 

The analysis of the codon usage of mycoplasma genomes has found that in more or less 90% of the 

codons an A or T will be in the third nucleotide position. Consequently during translation the majority of 

mycoplasmas will employ the alternative genetic code, known as the mold mitochondrial genetic code 

where the TGA codon encodes for tryptophan and not a termination codon as in the universal genetic 

code (Dybvig and Voelker 1996, Razin et al. 1998, Söll and RajBhandary 2006). This alteration in codon 

usage can lead to apparent practical implications when the genes of mycoplasmas are expressed in other 

organisms as shorter dysfunctional products due to the premature truncation by the tryptophan codon 

being expressed as a termination codon (Dybvig and Voelker 1996, Razin et al. 1998). Codon bias is also 

evident in the first and second codon position and this is more noticeable due to the effect it has on the 

translated amino acid composition of the gene product. A comparison between the related organism 

Escherichia coli (G+C content is approximately 50%) and mycoplasmas (G+C content is between 23 and 

41%), showed that mycoplasmas have fewer GCN, CGN, GGN and CCN codons. Consequently, the 

mycoplasma proteins usually have less alanine, arginine, glycine and proline residues than the related 

organism E. coli. On the contrary, mycoplasmas have a higher fraction of AAN, TTY, TAY and ATN 

codons, therefore the proteins produced by mycoplasma genes have asparagine, lysine, phenylalanine, 

tyrosine and isoleucine residues in abundance. The codon bias in mycoplasmas is particularly evident in 

conserved proteins, for instance mycoplasmas often have a lysine residue (codons AAA and AAG) at 

amino acid positions that have an arginine residue (codons AGA, AGG and GGN) in other organisms 

(Dybvig and Voelker 1996). 
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2.5.4 DNA methylation 

In mycoplasmas as well as other prokaryotes some of the adenine and cytosine residues are found to be 

methylated, resulting in 6-methyladenine and 5-methylcytosine (Razin et al. 1998). The adenine residue 

or the cytosine residue at the GATC site is methylated in several mycoplasmas. The specific biological 

function of DNA methylation is unclear, but this occurrence in prokaryotic genomes suggests that the 

DNA methylation protects their DNA against the endonuclease activity of any competing microbe in the 

given environment (Dybvig and Voelker 1996, Razin 1985, Xia 2003). 

2.5.5 Regulation of gene expression and protein production 

2.5.5.1 Transcription 

The expression signals during transcription in mycoplasmas are largely the same as in Gram-positive 

bacteria. The mycoplasmal RNA polymerase promoter areas, known as the -10 (Pribnow box) 

(TATAAT) and -35 regions (TTGACA/TTGNNN), have been found to be similar to the bacterial 

consensus sequence for promoters recognized by the vegetative sigma factor σ
A
. Even though the RNA 

polymerases of mycoplasmas and other prokaryotes have structural similarities, the RNA polymerase 

activity of mycoplasmas is not sensitive to the antibiotic rifampin (Dybvig and Voelker 1996). 

2.5.5.2 Translation 

The translation of mycoplasmal messenger RNA resembles that of Gram-positive bacteria, except for the 

stop codon TGA which encodes tryptophan in mycoplasmas. Nucleotide sequence data imply that the 

coding regions of most mycoplasma genes begin with an ATG start codon, with GTG and TTG serving 

as alternative start codons (Dybvig and Voelker 1996). In most prokaryotes the preferred initiation codon 

is ATG, as it interacts more tightly with the initiation transcript RNA than any of the other initiation 

codons. Therefore, the initiation codon ATG is the preferred initiation codon in genes being 

intermittently expressed (Sakai et al. 2001). Additionally, the mRNA of the majority of genes in 

mycoplasmas contains a ribosome-binding site (RBS) similar to the Shine-Dalgarno (SD) sequence of 

Gram-positive bacteria. The classic RBS of mycoplasmas is generally located four to ten bases upstream 

of the start codon and has the sequence 5’-AGAAAGGAGG-3’ (SD-like sequence) (Chen et al. 1994, 

Dybvig and Voelker 1996). The extent to which the SD sequence is conserved correlates with the 

efficiency of the translation of a gene. In frequently expressed genes the ribosome needs to recognise the 

SD sequence more efficiently than in the case of genes being expressed at a lower level. Since a SD-like 

sequence has not been identified in M. genitalium and M. pneumonia, it indicates that the translation 

process of these species does not rely on these factors (Madeira and Gabriel 2007, Sakai et al. 2001).  

2.5.5.3 Posttranslational modification 

The absence of a cell wall and the presence of only a plasma membrane contribute to the lack of a 

periplasmic space and consequently all proteins are either membrane bound or secreted. In order to 
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secrete a protein, mycoplasma genes need to code for a signal sequence which will direct the proteins into 

the secretory pathway in order to be transported across the plasma membrane. The signal sequence is a 

typical eubacterial signal sequence [((-4)-VAASC-(+1))] (Dybvig and Voelker 1996, Henrich et al. 

1999). Protein modifications in mycoplasmas are by means of phosphorylation and isoprenylation, of 

which the mechanism of action is not entirely clear. Phosphorylation on the other hand is a mechanism 

for the regulation of intracellular signalling through the action of kinases, phosphotransferases and 

phosphatases, which modulates cellular events by interconverting between active and inactive protein 

forms. Consequently, the cytoskeletal proteins of mycoplasmas that are phosphorylated may regulate 

activities such as cytadherence, gliding motility and cell division in the same manner (Dybvig and 

Voelker 1996, Razin et al. 1998). 

2.6 Morphology and Biochemistry 

2.6.1 The mycoplasmal cell  

Mycoplasmas lack many metabolic pathways and the cell wall peptidoglycan layer, but they do have 

complex systems in order to be parasitic, i.e., gliding motility, adhesion to host cells, internalization in 

host cells, membrane transport and antigenic variation (Miyata and Seto 1999). The smallest self-

replicating cells are mycoplasmal cells and they are between 0.3 to 0.8 µm in diameter. The basic shape 

in all mycoplasma cultures is a coccus. Elongated and filamentous forms are observed under certain 

conditions in possibly all mycoplasmas. The absence of a cell wall does not restrict the mycoplasmas 

from having a range of morphologies, from round, pear-shaped to branched or helical filaments with a 

diameter from a few to 150 µm (Carson et al. 1992, Edward and Fitzgerald 1951, Klainer 1973, Razin 

1978, Razin et al. 1998). The lack of a rigid cell wall indicates that there must be a cytoskeleton present 

which provides the mycoplasma with the capability to sustain these various shapes and also it is believed 

that the cytoskeleton plays a role in motility, cell division and controls the distribution of adhesion 

proteins. Mycoplasmas are complex prokaryotes which only retain what is necessary for replication, 

hence only a cholesterol-containing plasma membrane to divide the cytoplasm from the extracellular 

environment, ribosomes for translation and a DNA molecule encoding its genetic information (Razin 

1978, Trachtenberg 1998). The of the plasma membrane composition is between 50 to 59% protein, 32 to 

40% lipid, 0.5 to 2% carbohydrate, approximately 1% DNA and suprisingly 2 to 5% RNA (Maniloff and 

Morowitz 1972, Razin et al. 1963). Even though the mycoplasmas are phylogenetically related to the 

Gram-positive bacteria, a negative stain will be visualised during a Gram test (Trachtenberg 1998). 

The cell morphology of mycoplasmas can be grouped as having polarity in their shapes or being non-

polar. The polar mycoplasmas are characterized by the terminal tip structures, which assist in gliding 

motility and host cell adhesion, and therefore serve as attachment organelles. These organelles are absent 

in non-polar mycoplasmas and this contributes to the irregular and often branched cell morphology 

(Miyata and Seto 1999). 
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2.6.2 Motility and reproduction 

Different means of motility such as gliding, rapid rotary and flectional movements have been shown in 

the diverse class of Mollicutes even though mycoplasmas lack flagella. Three mycoplasma species 

namely: M. pulmonis, M. pneumoniae and M. gallisepticum have shown gliding movements on liquid-

covered surfaces. The significant structures of these three gliding mycoplasmas are differentially a stalk 

in M. pulmonis, a pointed tip in M. pneumoniae and a bubble-shaped bleb in M. gallisepticum. These 

structures serve both as adhesion sites and they act as the leading point of the cells during movement 

(Bredt 1973, 1974, 1977, Razin 1973, 1978). Only a few of the mycoplasmas have been reported to be 

capable of motility and being chemotactic, however the attachment and adhesion to cell surfaces is 

common to all mycoplasmas and serve as the principle means of mycoplasmal pathogenicity. Motility has 

been demonstrated in various pathogenic mycoplasmas and it is astonishing that this organism with such 

a simple genome is capable of being motile (Kirchhoff 1992, Trachtenberg 1998). The mode of motility 

is referred to as ‘gliding’ and the ability to glide is dependent on the age of the culture, the medium 

composition and the incubation temperature. While the gliding motility can be inhibited by specific 

antibodies, this gliding movement also assists in defending the mycoplasma from the host’s defence 

mechanisms in the respiratory tract and helps it to reach its target (Bradbury 2005). The motility speed of 

mycoplasmas is analogous to that of myxobacteria, but mycoplasmas differ in that they mainly move in 

circles and narrow bends as solitary cells and not as grouped cells (Radestock and Bredt 1977).  

The absence of a cell wall and peptidoglycan layers increase the level of plasticity and may lead to 

irregular morphologies which complicate the study of the cell cycle (Miyata and Seto 1999). The minimal 

size of a mycoplasmal cell able to reproduce is approximately 0.3 µm in diameter (Razin 1978). 

Reproduction in mycoplasmas is the same as for prokaryotes, by means of binary fission (Miyata and 

Seto 1999). Cytoplasmic division must be totally synchronized with genomic replication for binary 

fission to take place. In mycoplasmas, however, cytoplasmic division may be delayed and this results in 

the formation of multinucleate filaments (Razin 1978).  

2.6.3 ABC transporters 

ATP-binding cassette (ABC) transporters are found in prokaryotes as well as eukaryotes and are driven 

by ATP hydrolysis to pump various compounds across the biological membrane. In bacteria, the ABC 

transporters can be used to accumulate nutrients in the cell and to remove a variety of compounds from 

the cytoplasm (Davidson and Maloney 2007). ABC transporters have attracted interest as they have the 

potential for being targets in the development of antitumor agents, antibacterial vaccines and 

antimicrobials. The ABC importers are not present in eukaryotes (they only possess exporters), this could 

be due to the subcellular compartmentalisation of eukaryotes and that the function was given to a 

different organelle. In prokaryotes, the major role of ABC importers has been shown to be the uptake of 

nutrients, such as sugars and other carbohydrates, amino acids, di-, tri- and oligopeptides, polyamines, 
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and inorganic ions (Nicolas et al. 2007, Razin et al. 1998). Phylogenetic analysis has been used to 

differentiate the ABC transporters into classes, families and subfamilies (Garmory and Titball 2004). 

2.6.3.1 Characteristics of ABC transporters 

The number of ABC transporters in bacteria will correlate with the genome size as well as the 

physiological niche in which they reside. The ABC transporter proteins are of vital importance for the 

growth, survival and competitiveness among microbes for nutrients in various ecological niches (Nicolas 

et al. 2007).  

The ABC transporters consist of a highly conserved ATPase domain, the ABC (ATP-binding domain or 

nucleotide-binding domain, NBD), where ATP will bind and undergo hydrolysis to supply energy for the 

uptake of various nutrients and for the export of unwanted compounds from cells and organelles (Nicolas 

et al. 2007). 

The completely sequenced mycoplasma genomes have shown that more than 50% of all membrane 

transport proteins are represented by ATP-dependent transporters and ABC proteins are represented from 

58.8% to 91.7% of all ATP-dependent proteins (Nicolas et al. 2007). 

Two highly conserved motifs are found in the ABC transporters, namely the Walker A or P-loop 

(GXXXXGKT/S) and Walker B (RXXXGXXXLZZZD) motifs (where X is any amino acid, and Z 

symbolises a hydrophobic residue), which together forms the structure for ATP binding. ATP-binding 

proteins which are not involved in transport may also have these conserved motifs. The ABC superfamily 

has a specific motif, the consensus signature sequence LSGGO/R/KOR, which is highly conserved and 

called the linker peptide or C motif. The C motif is positioned N-terminal in relation with the Walker B 

motif (Garmory and Titball 2004, Henrich et al. 1999). 

ABC transporters in bacteria have various functions which might assist in the survival of different 

bacteria in different niches. An assortment of substrates, including sugars and other carbohydrates, amino 

acids, peptides, polyamines, metal ions, sulphate and iron can be imported. Targeted export of other 

substrates across the cytoplasmic membrane is also carried out by ABC transporters. Other functions such 

as the secretion of antibiotics in antibiotic-producing bacteria and in drug-resistant bacteria and the export 

of extracellular toxins are carried out by other exporters (Garmory and Titball 2004). 

It has been established that bacterial ABC transporters play roles in the uptake of nutrients and drug 

resistance. Conversely there has been increasing support that the ABC transport systems may play direct 

or indirect roles in the virulence of bacteria (Garmory and Titball 2004). 

2.6.3.2 Physiology of ABC transporters 

The membrane associated ABC transporter consists of a pair of transmembrane (TM) modules and a pair 

of peripheral modules. The TM modules form the permeation pathway and the peripheral modules bind 

and hydrolyse ATP thereby facilitating transport. These modules can form subunits or they can consist of 
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separate domains within a larger polypeptide. In prokaryotes the importers’ four functional domains are 

predominantly encoded for separately, although it can sometimes be seen that the TM domains or the 

ATPase domains are fused. The exporters in eukaryotes and prokaryotes are different in that one gene 

generally encodes for a TM domain and a partner ATPase domain together. It can be that these functional 

transporters reside as a homodimer of a single polypeptide or a heterodimer of two distinct polypeptides 

(Davidson and Maloney 2007). 

An ABC transporter has four domains: two hydrophobic transmembrane domains (TMDs, or integral 

membrane domains, IMDs, or membrane-spanning domains, MSDs), and two hydrophilic cytoplasmic 

domains. The importing ABC transporters generally have the four domains formed by independent 

polypeptides and involve the binding of a substrate, but there are variations among organisms. The 

importers of Gram-negative bacteria are normally associated with periplasmic substrate-binding proteins 

(PBP), while those in the Gram-positive bacteria and Mycoplasma are usually associated with surface-

anchored lipoproteins. The four domains may be apart or merged in different ways in prokaryote 

exporters. In view of the fact that a cell wall is absent in mycoplasmas, the substrate-binding protein or 

peripheral proteins associated with the TMD would serve as a pre-eminent candidate for a surface antigen 

and could hold the potential for the development of a vaccine (Nicolas et al. 2007). 

The TM domain in general contains six membrane-spanning α-helices which in turn gives 12 α-helices in 

the transporter. This structure is generally found in other transport families, and it is for this reason that 

the peripheral ATPase domains form a defining structural feature of this superfamily of active membrane 

transport proteins. The six putative α-helices constitute the channel through which substrates can be 

transported (Davidson and Maloney 2007, Henrich et al. 1999). 

Supplementary proteins for specific functions may also be included in ABC transporters. The importers 

of bacteria, also known as permeases, characteristically include periplasmic solute-binding proteins 

(SBPs) which will bind to substrates imported and transport them to the import complex in the inner 

membrane of Gram-negative bacteria. The import of substrates across the outer membrane may entail 

outer membrane proteins (OMPs), such as porins. Gram-positive bacteria do not have a periplasm or 

outer membrane and these importers will have substrate-binding proteins anchored on the outside of the 

cell via lipid groups. The difference in structure may contribute to the fact that lesser amounts of ligand-

associated SBPs are required in order to saturate the transporter complex in comparison with Gram-

negative bacteria’s interaction with soluble SBPs. SBPs are not present in exporters and therefore it is 

believed that the SBPs provide the affinity, directionality and specificity of substrate importers. Exporters 

of some Gram-negative bacteria will instead comprise of other accessory factors (AFs) which are 

necessary for the release of a substrate into the extracellular medium. In some cases there are exporters of 

Gram-negative bacteria which do not require AFs and these exporters will transport substrates only to the 

periplasm or outer membrane (Garmory and Titball 2004).  
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2.6.3.3 The oligopeptide permease system of M. hominis 

The putative oligopeptide transport system in M. hominis responsible for the import of oligopeptides is 

known as the oligopeptide permease (Opp) system (Henrich et al. 1999). The Opp system in M. hominis 

comprises of four core domains, the OppBCDF domains, and a cytadherence-associated lipoprotein, 

P100, which functions as the substrate-binding domain OppA. The integral membrane-spanning domains 

are the OppB and OppC subunits, each possessing a conserved hydrophobic motif characteristic to 

bacterial permeases respectively (RTAK-KGLXXXXI/VZXXHZLR in OppB domain, and 

XAAXXZGAXXXRXIFXHILP in the OppC domain). The OppB and OppC domains each contain six 

membrane-spanning α-helices which together form the permease pathway for the transport of 

oligopeptides across the membrane. The peripheral ATPase domains which bind and hydrolyze ATP, in 

order to transport oligopeptides by means of active transport, consist of the OppD and OppF subunits 

(Henrich et al. 1999, Hopfe and Henrich 2004). A presentation of the binding and transport of an 

oligopeptide by means of the oligopeptide permease system of M. hominis is presented in Figure 2.2. The 

substrate-binding domain, the P100/OppA domain of M. hominis has been shown to have the highly 

conserved Walker A and Walker B motifs. These motifs are characteristic of the ATP-binding (OppD and 

OppF) domains and therefore, the P100/OppA domain is not only involved in the binding of substrates, 

but also associated with ATP-hydrolysis. Consequently, the P100/OppA domain is also described as the 

ecto-ATPase of M. hominis. The specific function of the ecto-ATPase activity of the P100/OppA domain 

is vague; conversely, there are a number of hypotheses for its functional role. Namely, (a) defence against 

the cytolytic effect of extracellular ATP, (b) regulation of ecto-kinase substrate concentration, (c) 

involvement in signal transduction, with (d) possible involvement in the adhesion to cells (Hopfe and 

Henrich 2004). Even though the physiological role of the P100/OppA protein in M. hominis remains 

exploratory, it has been found that no mutants that have been identified were P100/OppA deficient. 

Therefore, the P100/OppA protein could play an crucial role in the vitality of the organism (Hopfe and 

Henrich 2004). 
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Figure 2.2 A model for the periplasmic binding protein-dependent transport by the OppA/P100 cytadherence 

protein. (a) Oligopeptide binding to OppA, OppA closes on binding and brings the oligopeptide to the tranporter. (b) 

The interaction of the OppA and oligopeptide together with the ATP stabilizes a conformational change in the 

transporter that results in (i) closure of the ATP-binding cassettes and activates the ATPase activity, (ii) 

reorientation of the TM helices to expose a centrally located sugar-binding site to the periplasmic surface of the 

membrane and (iii) opening of the OppA and release of the oligopeptide into the translocation pathway. (c) 

Following ATP hydrolysis, the TM helices reorient, OppA dissociates and the ATP-binding cassette dimer interface 

opens to release bound nucleotide (Adapted from Davidson and Maloney 2007). 

2.6.4 In vitro cultivation 

In vitro cultivation of mycoplasmas is overally very difficult and this has caused a major impediment in 

the research of mycoplasmas and the diagnosis of mycoplasma infections. The difficulty in the cultivation 

of mycoplasmas can be attributed to the minimalistic characteristic of mycoplasmas, namely their 

scarcity of genes for the production of many enzymes involved in essential biosynthetic pathways 

(Dybvig and Voelker 1996, Razin et al. 1998). In order to overcome these deficiencies in mycoplasma 

growth, a complex protein-rich growth medium containing serum is needed to provide the essential fatty 

acids and cholesterol for the synthesis of the membrane. Mycoplasma growth medium will sometimes 

also include different sugars or arginine as major energy source, as well as penicillin and thallium acetate 

to inhibit the growth of unwanted contamination (Kleven 2008, Razin et al. 1998). Mycoplasmas have 

been demonstrated to have different atmospheric requirements and the temperature for their optimal 

growth has been confirmed to be at 37ºC-38ºC. The majority of mycoplasma species have been shown to 

be facultative anaerobes, generally favouring an anaerobic state. Many other mycoplasma species thrive 

in aerobic environments and others are obligate anaerobes (Prescott et al. 2002, Razin et al. 1998, 

Weisburg et al. 1989). 

Mycoplasmas exhibit slow and reduced growth rates even when they are grown in the most complex 

growth media (Kleven 1998), leading to the issue whether the diminished growth in an enriched medium 

is caused by the presence of a component or components that could be harmful and lead to reduction in 
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growth. Still, no apparent reason has been established for the problematic in vitro cultivation of 

mycoplasmas (Razin et al. 1998).  

2.7 Distribution and Host Specificity 

The mycoplasma species is ubiquitous in the whole animal kingdom and almost all the possible hosts, 

from mammals, reptiles, birds, insects, plants and fish harbours a specific mycoplasma species, with the 

list of hosts constantly increasing. Generally mycoplasmas tend to have a strict host and tissue specificity 

which in all probability reflects their obligatory parasitic lifestyle and nutritionally particular 

requirements. However, there have been various reports of mycoplasmas residing in hosts and tissues 

other than their usual specific niches. Therefore, mycoplasmas reflect a significant adaptation to change 

in environment (Dybvig and Voelker 1996, Pitcher and Nicholas 2005, Razin et al. 1998). The major 

habitats of mycoplasmas in animals are the mucous surfaces of the respiratory and urogenital tracts, the 

eyes, alimentary canal, mammary glands, and joints (Razin et al. 1998, Rocha and Blanchard 2002). 

2.8 Pathogenicity of Mycoplasmas 

Even though mycoplasmas are minute and very rudimentary, many of the mycoplasmas are capable of 

causing adverse effects including disease in their hosts (Bradbury 2005). The virulence of mycoplasmas 

is still relatively unknown, though it has been proposed to involve a complex and multifactorial process 

(Kleven 2008, Lockaby et al. 1998). 

2.8.1 Host cell attachment and ABC transporters as virulence factors 

Numerous mycoplasmas are acknowledged as pathogens of the respiratory tract. The prerequisite for 

infection to occur and first action of pathogenesis is mediated by means of the mycoplasma attaching to 

the epithelial linings and colonizing in the host they infect (Razin et al. 1998). Infection leads to disease 

in many cases, such as contagious bovine pleuropneumonia in cattle caused by M. mycoides, chronic 

respiratory disease in chickens caused by M. gallisepticum, and pneumonia in swine caused by M. 

hyopneumoniae. The attachment to the epithelial cells is also referred to as cytadherence or adhesion and 

plays a pivotal role in pathogenesis during the infection of mycoplasmas, predominantly in the cases 

where he pathogens are restricted to the mucosal surfaces of their host (Kleven 2008). The majority of 

mycoplasma cytadhesins are large integral membrane proteins with regions exposed on the mycoplasma 

cell surface (Dybvig and Voelker 1996, Henrich et al. 1993, Razin et al. 1998). The P1 protein of M. 

pneumoniae is the best studied cytadhesin (Dybvig and Voelker 1996). Other well-studied adhesion 

proteins in mycoplasmas are the MgPa adhesin of M. genitalium, the GapA adhesin of M. gallisepticum, 

and the cytadherence associated P100 protein of M. hominis. In comparison to most mycoplasmas, the 

well-defined tip structure for attachment is not present in M. hominis. The specific means of cytadherence 

of such species is not well understood (Dybvig and Voelker 1996, Henrich et al. 1993). Furthermore, not 
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much is known about the ligand-receptor interactions that promote attachment to host cells. However, 

two dissimilar kinds of receptors have been implicated, the sialoglycoproteins and sulfated glycoplipids 

(Razin et al. 1998). 

The loss of cytadherence has been proven to prevent the infection and colonisation of mycoplasmas in 

their target tissue and therefore prevent the subsequent disease it may cause. The attachment of 

mycoplasmas to the host they are invading is considered as a crucial and preliminary step for colonisation 

and infection. Therefore, the membrane proteins involved in the cytadherence are regarded as crucial in 

mycoplasma pathogenicity (Henrich et al. 1993, Lockaby et al. 1998). 

Important contributors to the virulence of pathogenic organisms are the ABC transporters. The most 

obvious role of ABC transporters would be their involvement in the uptake of nutrients, however they 

may as well contribute to the pathogen’s virulence by means of their indirect association with the 

substrate and/or host cell attachment (Garmory and Titball 2004). 

2.8.2 The host’s immune system 

The function of the immune system is to safeguard the organism from any invading and/or damaging 

foreign agents. The survival of pathogens is the consequence of the development of ways to evade the 

humoral immune system of their host (Evans et al. 2005). The two well-known ways of eluding the host’s 

immune system, is by means of antigenic variation and the entry into non-phagocytic host cells.  

2.8.2.1 Antigenic variation 

The virulence of mycoplasmas is enhanced by the fact that they have the aptitude to modify their 

antigenic profile by changing the expression of the major immunogenic surface proteins and 

consequently avoiding attack by the host’s immune system (Evans et al. 2005, Kleven 2008). A number 

of surface exposed membrane proteins have been associated with antigenic variation of mycoplasmas 

(Dybvig and Voelker 1996, Evans et al. 2005). The lipoproteins are regarded as the primary source of 

this variation. Interestingly, the mycoplasmas’ membranes contain an unusually large number of 

lipoproteins which are fixed to the membrane by means of a lipid moiety or hydrophobic amino acids, 

with a section of the protein exposed to the outside of the cell. Even though the function of the majority 

of lipoproteins in mycoplasmas is unidentified, it is thought that they do undergo antigenic variation, 

which ultimately results in a variety of antigenic structures on the cell surface (Dybvig and Voelker 1996, 

Kleven 1998, Lockaby et al. 1998, Rocha and Blanchard 2002). In addition, it is also thought that 

antigenic variation may arise by the on/off switching of multiple copies within a gene family, in order to 

express alternative genes encoding different antigenic determinants (Dybvig and Voelker 1996, Kleven 

1998). Moreover, it is found that genes encoding attachment proteins often hold repetitive elements that 

permit homologous recombination and genomic rearrangements, thus contributing to antigenic variation 

as well (Dybvig and Voelker 1996, Razin et al. 1998). This attribute of mycoplasmas could account for 
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the persistence of mycoplasmas to cause disease and avoid the immune responses of the host (Dybvig and 

Voelker 1996, Kleven 1998, Rocha and Blanchard 2002). 

2.8.2.2. Intracellular location 

The majority of mycoplasmas infecting animals are deemed to be non-invasive surface pathogens. 

However, there are several mycoplasma species, such as M. fermentans, M. genitalium, M. hominis and 

M. penetrans that have the capability of penetrating and surviving in their host’s cells (Evans et al. 2005, 

Razin et al. 1998). The suggested means of entering the host cells includes the initial attachment of the 

parasite to the surface of host cells. This attachment is subsequently followed by several cytoskeletal 

changes which include the rearrangement of the microtubule and microfilament proteins, aggregation of 

tubulin and α-actinin and the condensation of phosphorylated proteins. This feature supports the fact that 

cytadherence plays a pivotal role in the pathogenesis of mycoplasmas by representing the signal that 

prompts changes in the mycoplasma cytoskeleton (Razin et al. 1998). By entering the cells, they also 

avoid the exposure to antibiotics and in the end are able to establish a chronic state of infection. This 

feature of mycoplasmas may contribute to the fact that mycoplasmas are difficult to eradicate in their 

hosts (Kleven 2008, Razin et al. 1998).  

2.8.3 Other possible virulence causal factors 

2.8.3.1 Cell damage and disruption 

The colonization of the respiratory tract, specifically the tracheal epithelial surface by mycoplasmas leads 

to the loss of cilia movement, erosion of ciliated epithelial cells, and hypertrophy of nonciliated basal 

epithelial cells. The factors that are thought to cause cell damage and disruption are the production of 

hydrogen peroxide and other toxic metabolic end products by mycoplasmas, and possible toxic 

extracellular components derived from the mycoplasma membrane (Lockaby et al. 1998). When 

mycoplasmas are invasive, their entry into the host cell may lead to the loss of the host’s normal cell 

function and integrity, which consequently leads to potential cell lysis, cell disruption and necrosis. 

Additionally, the contact of the mycoplasmal endonucleases with the host cells’ cytoplasma and nucleus 

might lead to chromosomal damage (Razin et al. 1998). A unfamiliar factor that could contribute to the 

virulence of mycoplasmas is immune-mediated host injury by means of the stimulation of the hosts’ 

autoimmune responses (Lockaby et al. 1998). 

2.8.3.2 Concurrent infections 

It is well-known that mycoplasmas have a propensity for one or more interactions with other pathogenic 

organisms such as the Newcastle disease virus (NDV), infectious bronchitis virus and/or bacteria such as 

E. coli. The presence of the one organism enhances the effect of the other and together they contribute to 

the infections being aggravated which ultimately leads to severe illness (Kleven 1998). 
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2.8.3.3 Environmental factors 

Respiratory infections caused by mycoplasmas are particularly recognized to be affected by 

environmental factors, resulting in an increase of disease severity. A number of factors such as 

temperature fluctuation, humidity, atmospheric ammonia and dust have been found to have significant 

implications associated with mycoplasma infections of the respiratory tract (Kleven 1998). 

2.9 Mycoplasmas Infecting Ostriches and Other Poultry 

Numerous mycoplasma species infect commercial poultry, with M. gallisepticum (MG), M. synoviae 

(MS), M. meleagridis and M. iowae as the most prominent species (Kleven 1998). MG and MS are 

considered to be of utmost importance as they are prevalent in commercial poultry and due to their 

prevalence are the only mycoplasma pathogens listed by the World Organisation for Animal Health 

(OIE) (Kleven 2008). 

2.9.1 Epidemiology 

Poultry mycoplasmas are predisposed to being host-specific and no evidence is available to prove that 

they reside in mammalian or any other avian hosts (Kleven 1998). On the other hand, MG is known to 

have a wide range of bird species as their host, specifically gallinaceous birds are the most inclined to be 

infected, while chickens and turkeys are the restricted hosts for MS (Evans et al. 2005, Kleven 1998). 

MG is considered to have the most important impact economically in commercial poultry, and is the 

primary pathogen causing respiratory disease in chickens and infectious sinusitis in turkeys. MS causes 

respiratory disease in chickens and turkeys that may also lead to airsacculitis and synovitis where the 

disease is thought to spread to the joints by means of the bloodstream. The MG and MS are mutually 

transmissible, where in both cases the pathogen is spread vertically by egg-transmission, and horizontally 

through birds being in close proximity of each other (Evans et al. 2005, Kleven 1998, Lockaby et al. 

1998).  

2.9.2 Clinical signs 

Poultry mycoplasmas have different ways of being pathogenic, which leads to a variety of clinical 

manifestations and therefore complicates the diagnosis of these mycoplasmas. This could be due to the 

high incidence of variability in intraspecies that exist among different strains of poultry mycoplasmas or 

their synergistic effect due to the interaction with other virulent organisms and environmental factors 

(Kleven 1998, Lockaby et al. 1998). Poultry infected with MG show clinical signs varying from 

subclinical to obvious respiratory signs including coryza, conjunctivitis (nasal exudates and swollen 

eyelids), rales, sinusitis, and severe air sac lesions which in the end causes mortality, downgrading of 

meat-type birds, reduction in egg production and hatchability, escalated feed usage as well as the 

decrease in growth rates (Evans et al. 2005). The clinical signs displayed by birds infected with MS 
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leading to infectious synovitis include pale combs, lameness and a reduction in growth. A swelling may 

also be noticed around the joints with viscous exudates in the joints along the tendon sheaths, together 

with greenish droppings enclosing large amounts of urates. MS infections’ clinical signs are often milder 

than those of MG in respiratory diseases (Kleven 1998, Lockaby et al. 1998). 

2.9.3 Diagnosis, prevention and control 

The respiratory diseases in chickens and turkeys can sometimes be incorrectly diagnosed as NDV or 

avian infectious bronchitis, because the symptoms of these infections are similar to those caused by MG 

and MS. Thus, the diagnostic procedure to identify MG and MS involve either immunological methods 

after isolation from mycoplasma media, immunofluorescence of colonies on agar, screening of their DNA 

in field samples and/or cultures by species-specific PCR, or they can be differentiated by 16S rRNA gene 

sequencing (Kleven 2008). 

The maintenance of a mycoplasma-free flock is the desired method for controlling mycoplasma 

infections in poultry, as pathogenic mycoplasmas are transmitted vertically between poultry birds. Even 

though the implementation of an effective bio-security program in combination with regular investigation 

for possible signs of infection should be adequate, the increase in flock density often causes a lapse in 

bio-security (Kleven 2008). 

Mycoplasmas are entirely resistant to antibiotics that target cell wall synthesis (Kleven 1998), but there is 

a narrow range of antibiotics available which affect protein production and can be used to control some of 

the effects caused by MG and MS infections (Evans et al. 2005). Tylosin and tetracycline are the most 

generally used antibiotics for respiratory disease associated with MG and MS in chickens and turkeys, 

where the antibiotic acts as a prophylactic in order to reduce the egg transmission of mycoplasma 

infections. A typical treatment program for infected birds consists of a treatment for 5-7 days every 

month or the continuous addition of medication to the feed of birds. Production losses associated with 

poultry mycoplasma infections has been reduced the administration of antibiotics, but it is not entirely 

effective in clearing the mycoplasma infections. Therefore, antibiotic treatment should not be considered 

as a long-term solution to mycoplasma infections, as the mycoplasmas may develop resistance (Evans et 

al. 2005, Kleven 2008). 

When the maintenance of mycoplasma-free flocks is not feasible, it is possible to use vaccination (Kleven 

2008). Presently, there are numerous live attenuated MG vaccines approved and commercially available. 

These include the F strain (FVAX-MG, Schering-Plough Animal Health), 6/85 (Mycovac-L, Intervet Inc) 

and ts-11 (MG vaccine, Merial Select) to prevent egg-production losses in commercial layers, and to 

reduce egg transmission in breeding stock (Evans et al. 2005). An important strategy is to vaccinate 

before field challenge occurs, with one dose being adequate for vaccinated birds to remain permanent 

carriers. Means of administration varies from vaccine to vaccine, with different techniques from injecting 

intramuscularly or subcutaneously to intranasal or eyedrop administration and aerosol and drinking water 

administration being employed. Another option is the use of commercially available inactivated, oil-
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emulsion bacterins against MG and MS, which were reported to prevent respiratory disease, airsacculitis 

and egg production losses, and also reduction of egg transmission in poultry. In order to maintain 

longterm protection, the bacterins have to be administered in two doses subcutaneously (Kleven 2008). 

2.9.4 Ostrich-specific mycoplasmas 

In feedlot ostriches in South Africa, mycoplasmas have been implicated in to certain clinical syndromes 

in combination with other pathogens such as E. coli, Pseudomonas aeruginosa, Pasteurella species and 

Avibacterium paragallinarum (Botes et al. 2005, Verwoerd 2000). Previous research concluded that 

poultry mycoplasmas are responsible for the diseases associated with mycoplasmas in ostriches 

(Verwoerd 2000). However, the analysis of the 16S rRNA sequences of mycoplasmas harboured in 

ostriches in the Oudtshoorn district recently revealed that there are three unique ostrich-specific 

mycoplasmas, Ms01, Ms02 and Ms03 (until formally described) (Botes et al. 2005). Based on the 

phylogenetic analysis of the 16S rRNA sequences, these ostrich-specific mycoplasmas were shown to 

belong to different phylogenetic mycoplasma groupings (Figure 2.1, section 2.4), with Ms01 appearing in 

a different clade of the phylogenetic tree to Ms02 and Ms03. Ms02 and Ms03 are grouped in the same 

clade as M. synoviae.  

2.9.4.1 Infection contributing factors and clinical signs 

The ostrich-specific mycoplasmas primarily cause infections of the respiratory tract, which has a number 

of symptoms associated with the infection, such as inflammation of the nose, trachea and air sacs, as well 

as severe lung lesions. Eventually, the respiratory infections of ostriches has many direct and indirect 

outcomes, such as an increase in the cost of treatment, the wearing down of ostriches, downgrading of 

carcasses, and it increases the ostriches’ vulnerability to secondary infections with other pathogens such 

as E. coli, P. aeruginosa, Pasteurella species, Bordetella avium and A. paragallinarum. These secondary 

infections have many repercussions, such as the loss of production rates due to a higher rate in mortality 

caused by the increase of pus in the sinuses and air sacs, fever, pneumonia and septic infection (Botes et 

al. 2005). 

Ostriches infected with ostrich-specific mycoplasmas are identified by means of several clinical signs, 

such as swollen sinuses, foamy eyes, nasal exudates, rattle sound in the throat, shaking of the head and an 

increase in swallowing is observed (Olivier 2006). 

2.9.4.2 Contributing factors 

Mycoplasma infections in ostriches are accentuated by a number of factors, such as a change in weather 

conditions, stress, poor hygiene and a lack of bio-security. It is found that in the months of autumn and 

spring when temperature fluctuations take place, mycoplasma infections are more prevalent. In addition, 

the cold winter months in the Western Cape contribute to an increase in the severity of mycoplasma 

infections by means of increasing the vulnerability of ostriches being infected by other pathogens. 
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Furthermore, stress of being transported, a change in feed and an increase in population density, together 

with poor hygiene are all contributing factors in the susceptibility of ostriches to mycoplasma infection 

(Kleven 1998). Last but not least, the control of bio-security is of utmost importance as combining 

ostriches from different sources will increase the risk of mycoplasmas being transmitted from ill ostriches 

to healthy ones (Olivier 2006). 

2.9.4.3 Prevention, treatment and control 

To date, there is no specific way to prevent ostrich-specific mycoplasma infections other than good 

farming and bio-security practices. In addition, controlling mycoplasma infections in ostriches is a very 

complicated task, as some of the mycoplasma infected ostriches do not show any symptoms, but are 

carriers of the disease. Mycoplasmas have in addition to their carrier condition, several tactics to avoid 

the host’s immune system contributing to the ostrich-specific mycoplasmas being very difficult to 

eradicate. Even though there are currently a number of antibiotics (tylosin, oxytetracycline, doxycycline 

and advocin) being administered in order to control the Ms01, Ms02 and Ms03 infections in ostriches 

(Olivier 2006), the effectiveness of these antibiotics has not been proven to manage mycoplasma 

infections in ostriches. Thus, the eradication of ostrich-specific mycoplasmas is very complicated and 

there is an urgent need for the development of a vaccine against Ms01, Ms02 and Ms03. 

2.10 Strategies in Mycoplasma Vaccine Development 

Over 200 years ago Edward Jenner demonstrated the concept of vaccination for the first time by means of 

prior exposure to cowpox that prevented smallpox infection in humans. Many different types of vaccines 

against infectious diseases have been developed in the past century (Gurunathan et al. 2000). At present, 

a vast array of vaccines exists, including conventional whole-organism vaccines, with toxoids and 

protein-subunit vaccines. The more novel vaccines consist of conjugate and recombinant vector vaccines 

and the newly developed DNA vaccines (Delves et al. 2006). 

2.10.1 Conventional vaccines 

The majority of vaccines being used today are whole-organism vaccines, consisting of either killed 

organism vaccines (a chemically or heat inactivated form of a previously pathogenic organism) or live 

attenuated organism vaccines (organisms of which the virulence has been disabled or a closely related 

strain of the pathogenic organism is used). Live attenuated vaccines are very similar to the natural 

infection and leads to the potent production of long-lasting cell-mediated and humoral immunity, but the 

chances of the attenuated organisms to mutate back to their pathogenic wild-type strains are high. In 

comparison to live attenuated vaccines, killed organism vaccines are non-infectious, but have a lower 

immunogenic effect and only produce humoral immunity (Lechmann and Liang 2000). 

The in vitro cultivation of the pathogen for the development of a whole-organism vaccine needs to be 

undertaken in large quantities in order for it to be effective. Vaccination against the economically 



 

23 

 

important poultry mycoplasmas MG and MS has been successful using whole-organism vaccines (Evans 

et al. 2005). These (MG and MS) vaccines were also used in immunization trials in ostriches to 

potentially treat ostriches for ostrich-specific mycoplasma infections. The effectiveness of providing the 

necessary protection against ostrich-specific mycoplasmas was assessed in a recent study and the 

deduction was that the whole-organism vaccine properties to eradicate ostrich-specific mycoplasmas was 

constrained by the low yield of in vitro cultivation of ostrich mycoplasmas. Therefore, an alternative 

approach, namely the development of DNA vaccines against ostrich-specific mycoplasmas was taken in 

this laboratory (Bellstedt and Botes, University of Stellenbosch) and the next section will outline this 

approach.  

2.10.2 DNA vaccines 

A more recent approach to the development of vaccines is the use of DNA rather than whole organisms 

to provide the necessary protection against virulent organisms (Garmory et al. 2003, Razin 1985, Webster 

and Robinson 1997). Wolff and colleagues showed that direct immunization with naked DNA resulted in 

the in vivo expression of the foreign protein within the muscle cells of mice (Wolff et al. 1990). The use 

of recombinant DNA technology, where a gene encoding a target antigen is cloned into a eukaryotic 

expression vector, is currently the technique used to construct a DNA vaccine. Subsequently, the 

recombinant plasmid is multiplied in bacteria followed by purification of the plasmid and finally the 

inoculation of the plasmid DNA directly into the animal to be vaccinated. This results in an immune 

response obtained by the vaccinated animal caused by the uptake of the plasmid DNA and subsequent 

production and presentation of the foreign protein (Garmory et al. 2003, Webster and Robinson 1997). 

2.10.2.1 DNA vaccine raised immune responses 

There are various factors contributing to the effectiveness and nature of the DNA-induced immune 

response, including the type of antigen presentation (B lymphocyte, T lymphocyte, or both) to the hosts’ 

immune system, the kind of expression vector used and the means of vaccine administration to the host’s 

immune system (Robinson and Torres 1997). The means by which an intramuscular (IM) administered 

DNA vaccine will elicit an immune response is presented in Figure 2.3. 

After the identification and isolation of a suitable antigenic protein candidate, it is inserted into an 

appropriate eukaryotic expression vector. The plasmid containing the candidate gene is multiplied in 

bacteria after which the plasmid DNA is isolated to vaccinate an animal directly with the purified 

recombinant plasmid DNA. The mechanism by which the antigen is produced, processed and presented 

to the immune system of the immunized animal is uncertain. However, following the processes of antigen 

production and processing, pathogen-derived peptides are presented by both the major histocompatibility 

complex (MHC) class I molecules (stimulating CD8+ T-cells) and MHC class II molecules (stimulating 

CD4
+
 T-cells) of local APCs, thereby inducing both cellular and humoral immune responses (Oshop et al. 
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2002). It is important to know that the principle of DNA vaccination is fairly uncomplicated, but the 

details concerning the precise mechanism of action are still unclear. 

 

Figure 2.3 The mechanism of induced immunity following the intramuscular administration of a DNA vaccine 

(Oshop et al. 2002). 

2.10.2.2 Basic requirements for a DNA vaccine expression vector 

Many expression vectors are available and the efficacy of a DNA vaccine relies on the different 

components of these vectors. The choice of a suitable expression vector to use is the first and important 

step to the development of a DNA vaccine in order to optimise the efficacy (Gurunathan et al. 2000). The 

DNA vaccine vector used in this study is the pCI-neo mammalian expression vector which is shown in 

Figure 2.2. 
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Figure 2.2 The mammalian expression vector pCI-neo (Promega) for the use in a typical DNA vaccine strategy.  

 

There are a few basic requirements for a DNA expression vector, namely (a) the presence of a strong  

eukaryotic promoter, like for instance the generally employed virally derived promoters from the 

immediate-early region of the cytomegalovirus (CMV), (b) a cloning site downstream of the promoter for 

insertions of the antigenic gene or genes, (c) a polyadenylation signal [for example the one isolated from 

the simian virus 40 (SV40)] which will provide the stabilization of the mRNA transcripts, (d) a selectable 

marker (a bacterial antibiotic resistance gene) which will allow for plasmid selection during the growth in 

bacterial cells and (e) a bacterial origin of replication (ori) with the copy number being high to ensure 

high production of the plasmid DNA when purified from transformed cultures (Garmory et al. 2003, 

Gurunathan et al. 2000, Webster and Robinson 1997). 

An additional consideration for the optimization of the efficacy of a DNA vaccine is optimization of the 

immunogenicity after the vaccine is administered. There are several factors that have an impact on the 

immunogenicity of DNA vaccines, such as the presence of unmethylated cytidine-phosphate-guanosine 

(CpG) motifs. In bacteria, these motifs are at a 20-fold higher frequency than in mammals and these 

motifs are known to stimulate monocytes and macrophages to produce various cytokines which include 

interleukin (IL)-12, tumor necrosis factor (TNF)-α and interferon (IFN)-α/β. These cytokines then 

subsequently act on natural killer cells to induce the lytic activity and the secretion of IFN-γ. Antibody 

production can in the end be activated by means of the stimulation of IL-6 by the CpG motifs which then 

promote the activation of the B-cells. The CpG motifs can also stimulate the T-cells directly or indirectly 

depending on their baseline activation state. Another interesting characteristic is the binding affinity of 

unmethylated CpG motifs to toll-like receptor (TLR-9). Toll-like receptors are receptors on macrophages 
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and dendritic cells of the innate immune system that recognize pathogens and subsequently initiate an 

immune response by producing cytokines (Janeway 2008). Recent studies revealed in TLR-9-deficient 

mice that TLR-9 is essential for pro-inflammatory cytokine production, other inflammatory responses and 

it plays a role in the induction of T helper 1 (Th1) acquired immunity and in the proliferation of B cells 

(Kumagai et al. 2008). An attempt to take advantage of TLR-9 ligands as a vaccine adjuvant for anti-

cancer immunotherapy has been undertaken. In conclusion, incorporation of the CpG motifs in the 

construction of a DNA vaccine vector could amplify the immune response against the DNA-expressed 

antigen, since the CpG motifs are very immunostimulatory (Gurunathan et al. 2000, Webster and 

Robinson 1997). In addition the incorporation of a Kozak sequence (the consensus sequence flanking the 

AUG initiation codon within mRNA) could also contribute to the increase in expression of the antigenic 

gene (Garmory et al. 2003). 

2.10.2.3 Administration route 

Another important consideration is the administration of a DNA vaccine as there are different immune 

responses elicited depending on the route of administration. The DNA vaccine can be delivered via the 

IM, intradermal (ID), subcutaneous, intravenous, intraperitoneal, oral, vaginal or intranasal route and by 

means of a gene-gun delivered to the skin. IM and ID are the most general means of DNA vaccine 

delivery, with the gene-gun delivery system, where the skin of the vaccinated host is bombarded with 

DNA-coated gold beads (Garmory et al. 2003, Robinson and Torres 1997, Webster and Robinson 1997).  

An alternative route of administration of DNA vaccines has been the development of Salmonella species 

as DNA vaccine carriers (Fairweather et al. 1990). This approach involves the insertion of the DNA 

vaccine plasmid into non-viable and therefore non-pathogenic strains of Salmonella bacteria which serve 

as vaccine carriers when these bacteria are then administered orally. This approach has now also been 

used to induce oral immunity against Mycoplasma infections. The nrdF and a number of other genes of 

Mycoplasma hyopneumoniae have been inserted into a suitable plasmid vector, and in turn Salmonella 

typhimurium aroA SL3261 was transformed with this construct to generate a vaccine which when 

administered orally, elicited oral immune responses in mice (Chen et al. 2008, Chen et al. 2006a, Chen et 

al. 2006b, Chen et al. 2003, Fagan et al. 1997) and pigs (Fagan et al. 2001). Oral administration also led 

to protective immunity against M. hyopneumoniae in pigs (Fagan et al. 2001). This approach therefore 

has considerable merit and should also be considered in raising protective immunity in ostriches against 

ostrich mycoplasmas in future. 

2.10.2.4 Dosage 

The amount of DNA needed for IM and ID inoculation is about 100 to 1 000 times more than needed to 

elicit an immune response by means of the gene-gun delivery system when DNA is shot directly into the 

cells (Robinson and Torres 1997). It is suggested that the amount of DNA necessary for the activation of 

an immune response is independent of the size of the animal to be vaccinated, for example the DNA dose 

used in mice, calves and monkeys is almost in the same range. For example the immunization of mice 
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(IM/ID) required a dose between 1 and 100 µg of DNA in comparison to monkeys and calves where 

immunizations ranged from 10 µg to 1 mg. In contrast, immunization of mice by means of the gene-gun 

delivery system requires a very small amount of DNA ranging from 10 ng to 10 µg. The dosage of DNA 

vaccines needs to be researched in depth in order to determine the exact amount needed to administer 

different candidates. However, the relative independent correlation between the DNA dosage and size of 

the animal suggests that the same amount of antigen presenting cells (APCs) will be able to induce an 

immune response in all of the animal kingdom (Robinson and Torres 1997). 

2.10.3 Advantages of DNA vaccinology 

A major advantage of the administration of DNA vaccines originates from their ability to stimulate both 

humoral and cellular immunity. The humoral immune response is activated in the case of extracellular 

bacterial and viral infections leading to the production of antibodies and in the end the blocking of the 

activity of extracellular virulent organisms. Alternatively, the cell-mediated immune response controls 

the intracellular existence of pathogens by killing the cells infected with pathogens (cytotoxic T cells) or 

assisting the recovery of infected cells (helper T cells). There is in some cases (such as with malaria and 

potentially mycoplasmas) the necessity for both immune responses to be activated in order to protect the 

host from the invading pathogen. Therefore, implementing a DNA vaccine strategy has a major 

advantage in that it induces both humoral and cellular immunity. Even though the effectiveness of DNA 

vaccines is similar to that of live attenuated vaccines, DNA vaccines have the benefit of not leading to or 

causing infection by the pathogenic organism and therefore obviate the safety concerns associated with 

live vaccines (Gurunathan et al. 2000, Robinson and Torres 1997). Furthermore, DNA vaccines do not 

require the large-scale in vitro cultivation of the pathogen for ultimately developing a vaccine (Rappuoli 

2000). As a result, the use of a DNA vaccine for the development of a vaccine against fastidious or non-

cultivatable pathogens (often a problem with mycoplasmas), is a very attractive route to pursue. In 

addition, the development of a DNA vaccine is fairly simple and affordable with the requirements of 

suitable transport and storage needs for the stability of the DNA in different temperature ranges 

(Gurunathan et al. 2000, Robinson and Torres 1997). 

2.10.4 Whole-genome sequencing of mycoplasma genomes 

Genomic libraries (also known as DNA sequences) are generally used to gain genetic information 

concerning a genetically unknown pathogen. To construct a genomic library, the genomic DNA is 

fragmented; each fragment replicated separately in bacteria, and the clones screened to identify individual 

genes. Where the construction of a genomic library is not possible as in the case of this study, alternative 

techniques for generating genomic data, such as whole-genome sequencing, can be considered.  

Whole-genome sequencing of bacterial and viral genomes can contribute to the development of new 

antibiotics and vaccines. The identification of conserved antigenic regions can be accomplished by means 

of comparative genomics and provide possible candidate genes for the use in a vaccine (Leamon et al. 
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2007). The whole-genome sequencing procedure normally consists of cloning of the DNA fragments into 

bacterial vectors, amplification and purification of individual templates, followed by Sanger sequencing, 

using fluorescent chain-terminating nucleotide analogues, and either slab gel or capillary electrophoresis 

(Margulies et al. 2005). 

The sequencing and assembly of mycoplasma genomes and subsequent identification of genes present in 

the genomes, was started in the late 1980s by several laboratories. The first whole-genome sequencing 

project started in the early 1990s. The first mycoplasma whole-genome project was that of M. capricolum 

and by 1995 a fraction of almost 25% of the whole genome (1 000 kb) was successfully sequenced. The 

project for sequencing the whole genome of M. pneumoniae first entailed the construction of a cosmid 

library, with the subsequent sequencing of both DNA strands in a directed fashion by primer walking, 

limiting random (shotgun) sequencing to a minimum. A fully sequenced M. pneumoniae genome was 

accomplished over a period of three years. Another fully sequenced mycoplasma genome produced in the 

1990s is the genome of the smallest self-replicating mycoplasma to date, M. genitalium. The 580kb 

genome was sequenced by means of whole-genome shotgun sequencing over a time period of 6 months, 

which started with the random fragmentation of genomic DNA (gDNA), followed by cloning and 

sequencing of the individual fragments, and finally the assembly of the overlapping sequenced fragments 

(Fraser et al. 1995, Himmelreich et al. 1996, Razin et al. 1998). 

Whole-genome sequencing can be very time consuming, expensive and a strenuous process, and although 

other sequencing methods have been described, and prior to 2005 there was no technology that could 

displace the use of bacterial vectors and the Sanger sequencing methods as the main generators of 

sequence information (Margulies et al. 2005). In 2005 Margulies and colleagues introduced the 454 

Sequencing System that circumvents subcloning into bacteria, together with the handling of individual 

clones (Leamon et al. 2007). The first version of this sequencing system was called the Genome 

Sequencer (GS) 20 sequencing system and was thereafter improved to the so-called GS FLX system. This 

involves the complete sequencing of genomes with exceptional accuracy, longer reads and ultra-high 

throughput and will be described in greater detail in the following section. 

2.10.4.1 The 454 Sequencing System using GS FLX sequencing technology 

The GS20 sequencing technology is based on the 454 Sequencing System that permits high-throughput, 

sequencing-by-synthesis to be performed in parallel. The system consists of two methods in combination 

to isolate and clonally amplify DNA fragments in vitro together with modified pyrosequencing in 

picoliter-sized wells, to provide significantly higher throughput than any other existing sequencing 

technologies (Rogers and Venter 2005). The 454 Sequencing System provides high accuracy whole-

genome sequencing at affordable cost and with reduced effort and time taken (Margulies et al. 2005). 

In comparison with the GS20 system, the GS FLX system has significantly improved single-read 

accuracy. Integrated single-read accuracies greater than 99.5% over the first 200 bases are typically 

achieved with the GS FLX system, thus the GS FLX system offers high-throughput sequencing with 
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single-read accuracies corresponding to, or greater than tranditional Sanger sequencing (99.5%) (Droege 

and Hill 2008). 

The method of GS FLX sequencing is illustrated in Figure 2.4. The sequencing of an organism’s whole 

genome is a systematic method in which the creation of a DNA library is made firstly by shearing the 

isolated gDNA of the organism to be sequenced into fragments of between 300 and 800 bp 

(Figure 2.4 A). In the next step specialized A- and B-adaptors carrying priming sequences are ligated to 

the ends of the fragments (Figure 2.4 B). The B-adaptors carry a biotin tag which permits the binding of 

individual fragment to the surface of streptavidin coated capture beads in a water-in-oil emulsion. The 

simultaneous amplification of fragments is achieved by isolating individual DNA-carrying beads in 

separate aqueous droplets, each droplet serving as a separate microreactor in which parallel DNA 

amplification takes place (Figure 2.4 C). Each individual fragment is subsequently clonally amplified by 

emulsion PCR (emPCR), yielding approximately 107 copies of a template per bead (Figure 2.4 D). After 

emPCR, the capture beads containing clonally amplified fragments, together with enzyme beads 

containing immobilized ATP, sulfurylase and luciferase necessary for pyrosequencing, are loaded into 

the open wells of a fiber optic picotitre slide. After this, the slide is mounted into a flow chamber through 

which sequencing reagent containing individual nucleotides (A, T, G, and C) flow cyclically (Figure 2.4 

E). Following the incorporation of a nucleotide into the growing DNA strand, inorganic pyrophosphate is 

released and converted to ATP by the sulfurylase. ATP is then the substrate for luciferase, which 

produces photons proportional to the quantity of nucleotides incorporated into the elongating DNA strand 

(Figure 2.4 F). 

The light signal caused by the photons is captured by a charge-coupled device (CCD) camera, permitting 

the capture of photons emitted from the bottom of each individual well, resulting in the signal to be 

converted into a nucleotide sequence. The nucleotide sequence is then subjected to assembly by means of 

a de novo shotgun sequence assembler program is a component of the GS FLX processing software 

package. There is a series of modules that together form the assembler, namely the ‘Overlapper’, which 

finds and creates overlaps between reads; the ‘Unitrigger’, which constructs larger contiguous sequences 

of overlapping sequence reads and the ‘Multialigner’, which generates consensus calls and quality scores 

for bases within each contiguous sequence (Margulies et al. 2005). 

The GS FLX sequencer is an effective system to employ for the sequencing of whole genomes of 

organisms, and therefore the GS FLX system was used for the sequencing of the ostrich-specific 

mycoplasma Ms02. The sequencing data generated was used for the search of potential vaccine candidate 

genes (see Chapter 3).  

2.10.5 Gene finding and annotation 

After a genome is sequenced it can be annotated where the following features can be predicted on the 

DNA: coding genes, pseudogenes, promoters-regulatory regions, untranslated regions and repeats as well 
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as other features. The most interesting and important annotation is that of the coding regions, since 

peptides can be used as possible targets for drug discovery (Ofran et al. 2005, Reeves et al. 2009) 

The identification of genes in a prokaryotic organism can be accomplished rapidly and accurately by 

means of a computational method which scans the genomic sequence and analyzes statistical features. 

Computational methods have advanced to the point where they can be used to identify 99% of genes, 

whilst the last 1% may require specialized manual searches. The predicted genes can be refined by 

searching for nearby regulatory sites and by aligning protein sequences to other species. Software and 

databases are freely available, such as at the Institute for Genome Sciences (IGS) and the Rapid 

Annotations based on Subsystem Technology (RAST) annotation servers, where these steps are 

combined and automatically employed (Fraser et al. 2004). The mycoplasma Ms02 genome was 

submitted to two annotation servers (see Chapter 3). After the genome of a pathogen is annotated the data 

generated can be used to identify candidate genes for the development of a DNA vaccine.  

 

Figure 2.4 Schematic presentation of the GS FLX sequencing method. (A) Shearing of the isolated gDNA into 300-

800 bp fragments. (B) Ligation of specialized A- and B-adaptors to individual fragments. (C) Fragments annealed to 

beads in a water-in-oil emulsion forming the microreactor for emPCR. (D) Multiple clonally amplified copies of a 

single fragment contained on an individual capture bead to be sequenced. (E) (a-c) Overview of the 454 Sequencing 

system. (F) The sequencing-by-synthesis process based on pyrosequencing (Droege and Hill 2008, Leamon et al. 

2007, Margulies et al. 2005). 

2.10.6 Candidate genes for DNA vaccine development 

An appropriate candidate gene, i.e. a gene encoding a protein with good immunogenic properties, must 

first be identified in order to develop a DNA vaccine. The structures involved in pathogen attachment or 

interaction with a host as well as proteins associated with the virulence of pathogens, are proposed to be 

good candidates for the development of a DNA vaccine (Henrich et al. 1993). Also, genes that encode 
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membrane proteins, such as the proteins mediating the attachment of mycoplasmas to their host cells, and 

the ABC transporters mediating the uptake of essential nutrients from their host, are considered as 

appropriate candidates for the development of a DNA vaccine (Garmory and Titball 2004). In order to 

find candidate genes of a pathogen suitable for DNA vaccine development, a possible approach is to 

generate a library of the whole genome of a pathogen using restriction enzyme digestion and cloning, 

followed by a search for the gene using Southern blotting. Once a positive clone has been identified by 

Southern blotting the clone would be sequenced and the candidate gene identified by similarity searches. 

However, when this approach was used by Pretorius (2009), it was unsuccesful because the DNA may 

have been methylated as is discussed in section 2.5.4 and could not be digested by restriction enzymes. 

For this reason, the approach followed by Pretorius (2009) was to generate a whole genome sequence of 

the pathogen, and to then search the genome for suitable candidate genes using bioinformatics tools. In 

view of the success achieved by Pretorius (2009), this approach was therefore also used in this study. The 

generation of the whole genome sequence of Ms02, its annotation and the search for a suitable DNA 

vaccine candidate gene of the ostrich-specific mycoplasma Ms02 is described in Chapter 3.  
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Chapter 3 – Bioinformatic Analysis and Annotation of the Genome of the 

Ostrich-specific Mycoplasma Ms02 for the Identification of a Candidate P100 

Vaccine Gene 

3.1 Introduction 

The smallest self-replicating living prokaryote is a mycoplasma and mycoplasmas are parasites of a wide 

range of animal hosts. Mycoplasmas have strict host and tissue specificities even though they have 

limited biosynthetic capabilities and are completely dependent on their hosts’ nutrients. Therefore, the 

mycoplasma genome encodes a large number of transport proteins. The uptake of essential nutrients such 

as sterols, fatty acids, vitamins, amino acids, purines and pyrimidines are accomplished by ABC 

transporters, the major transport proteins in mycoplasmas (Henrich et al. 1999, Rottem 2003). Even 

though mycoplasmas have a tendency to form part of their host’s normal flora, various species have been 

found to be pathogenic (Razin 1985). In many mycoplasmas, the adhesion to the host is essential for 

infection to take place. In several species the adhesion to the host is mediated by means of a specialized 

organelle or tip structure (Henrich et al. 1993, Rottem 2003). Mycoplasmas often colonise the mucosal 

surfaces of mammals and birds and consequently are pathogens of the respiratory and urogenital tracts 

(Hardy et al. 2005). In South African ostriches the upper respiratory tract becomes infected with 

mycoplasmas and ultimately results in large production losses. Three unique mycoplasmas, named Ms01, 

Ms02 and Ms03 were identified in ostriches (Botes et al. 2005).  

At present there is no registered vaccine available to prevent mycoplasma infections in ostriches. In order 

to control mycoplasma infections in poultry, a specific set of biosecurity guidelines has to be followed 

and a restricted range of antibiotics can be used to maintain infection free flocks (Kleven 2008). Vaccines 

against the poultry mycoplasmas, M. gallisepticum and M. synoviae, do not elicit the protection required 

against ostrich-specific mycoplasmas and these vaccines can be ruled out as an alternative to vaccine 

development (Pretorius 2009). The development of a new form of vaccination, i.e. a DNA vaccine, is a 

practical and advantageous approach in the sense that there is no requirement for a large quantity of in 

vitro cultivated pathogens (Gurunathan et al. 2000). Firstly, a potential vaccine candidate gene needs to 

be identified for the development of a DNA vaccine. The genes encoding proteins involved in membrane 

transport as well as proteins governing the attachment to host cells which possess strong antigenic 

properties have been proposed as good vaccine candidate genes (Garmory and Titball 2004). 

In order to identify vaccine candidate genes the whole genome of Ms02 was sequenced using GS FLX 

sequencing. For whole-genome sequencing of the whole genome of Ms02 three different methods for the 

extraction of gDNA were used. One gDNA preparation was subsequently used for the whole genome GS 

FLX sequencing in order to assemble the resulting contiguous sequences. Subsequently, two database 

servers were used to annotate the whole genome of Ms02. The annotation results were compared and 
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functions were assigned to the open reading frames (ORFs) matching all the searches, in order to identify 

potential vaccine candidate genes.  

3.2 Materials and Methods 

3.2.1 Isolation of genomic DNA 

Ms02 was cultivated by Mr Johan Gouws at the Veterinary Institute in Onderstepoort, Pretoria. Seventy 

two hours after inoculation of the plates colonies were usually visible, although this was found to vary. 

Mycoplasmas have a tendency to penetrate the solid medium which results in a central nucleus being 

embedded in the medium. In order to obtain a sample with a high density of cells, the remainder of the 

colony (peripheral zone) was removed by means of gently scraping of the agar. The modified Hempstead 

method, a DNA isolation kit and a modified phenol:chloroform isolation method were subsequently 

employed for the isolation of genomic DNA (gDNA) in an attempt to achieve optimum yields of gDNA 

for subsequent whole-genome GS FLX sequencing. 

3.2.1.1 Modified Hempstead method 

The protocol for the isolation of gDNA as described by Hempstead (1990) was modified and adapted in 

order to optimize the yield. Under sterile conditions, 20 ml of Ms02 culture was transferred to a sterilized 

screw cap JA-20 centrifuge tube followed by centrifugation at 27 200 x g for 40 min at 4°C. The 

supernatant was removed by decanting and the pellet was resuspended in 1 ml TE buffer (50 mM Tris-

HCl, 10 mM EDTA, pH 8.0). The suspension was transferred to a 1.5 ml microcentrifuge tube and 

centrifuged at 16 000 x g for 1 min at 4°C (Biofuge Fresco, Heraeus). After centrifugation, the 

supernatant was decanted and the pellet resuspended in 100 µl TE buffer and the sample is stored for 

1 hour or overnight at -20°C. Frozen cell suspension was briefly thawed at 55°C, where after 1 ml TE 

buffer containing 1% (w/v) SDS, and 44 µl proteinase K (20 mg/ml, Roche) was added for cell-lysis, 

followed by 15-30 min incubation at 55°C. In order to precipitate the SDS, 100 µl of 5 M potassium 

acetate solution was added to the clarified suspension and kept on ice for 30 min. After this the mixture 

was centrifuged at 16 000 x g for 10 min at 4°C. The upper phase of the suspension is divided into two 

clean 2 ml microcentrifuge tubes. An equal volume of chloroform:isoamylalcohol (24:1) was added to 

each tube and mixed by inverting the tubes for 10 min, followed by centrifugation at 16 000 x g for 

10 min at room temperature (25°C). The four previous steps were repeated three times. Subsequently the 

upper phase was transferred to a clean 1.5 ml microcentrifuge tube, to which a 1/10 volume of sodium 

acetate (3 M, pH 4.8) was added and the tubes were mixed by inverting five times. Two volumes of 95% 

(v/v) ethanol were added where after the tubes were inverted five times to ensure a homogenous mixture. 

The DNA was allowed to precipitate overnight at 4°C. The mixtures were centrifuged at 16 000 x g for 

30 min at 4°C, after which the supernatants were decanted. The duplicate samples were washed by 

adding 500 µl of 70% (v/v) ethanol to one of each duplicate microcentrifuge tube, after which the 
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resuspended pellet was added to the corresponding duplicate and to which a further 1 ml of 70% (v/v) 

ethanol was added. The mixture was inverted for 5 min and incubated horizontally for 30 min at room 

termperature. Subsequently the mixture was centrifuged at 16 000 x g for 2 min at room temperature. The 

supernatant was removed and the pellet was washed with 1.5 ml 70% (v/v) ethanol, after which the 

samples were centrifuged at 16 000 x g for 2 min at room temperature. The ethanol was decanted and the 

remaining pellet air-dried for no more than 2 x 30 min periods at 37°C. The DNA was redissolved 

overnight in 50 µl TE buffer at 4°C. 

3.2.1.2 DNA isolations with the Wizard® Genomic Purification kit 

To this end, the Ms02 cultures were transferred to a sterilized screw cap JA-20 tube followed by 

centrifugation at 27 200 x g for 60 min at 4°C. During centrifugation of the above Ms02 culture a volume 

of 100 µl of 0.5 M EDTA was added to 500 µl Nuclei Lysis Solution in a 2 ml microcentrifuge tube 

where after the tube was incubated on ice. After centrifugation the supernatant was removed by decanting 

and the pellet was resuspended in the 600 µl EDTA + Nuclei Lysis Solution and transferred to 2 ml 

microcentrifuge tubes. A volume of 17.5 µl of 20 mg/ml Proteinase K was added and the tubes were 

incubated for 1 hour at 55ºC, where after 3 µl of RNase Solution was added and the contents mixed by 

inverting the tube three times. The mixture was incubated for 30 min at 37ºC where after the mixture was 

cooled down to room temperature. A volume of 200 µl of Protein Precipitation Solution was added and 

mixed by vortexing for 20 s. The solution was chilled for 5 min on ice followed by centrifugation at 

16 000 x g for 4 min. The supernatant was transferred to a sterilized 1.5 ml microcentrifuge tube 

containing 600 µl isopropanol and mixed carefully by inverting for 5 min followed by centrifugation at 

16 000 x g for 1 min. The supernatant was removed by decanting where and a volume of 600 µl of 70% 

(v/v) ethanol was added to the pellet and the tube was inverted several times to wash the pellet followed 

by centrifugation at 16 000 x g for 1 min. The ethanol was carefully removed by decanting and the pellet 

air dried for 15 min. A volume of 100 µl of DNA rehydration solution was added and incubated for 

1 hour at 65ºC followed by overnight incubation at 4ºC.  

3.2.1.3 Modified phenol:chloroform isolation method 

The generally used phenol:chloroform DNA extraction method was also employed for the isolation of 

gDNA, with certain adjustments to the protocol to optimize yield. In this case, 25 ml Ms02 culture was 

measured into a sterilized screw cap JA-20 centrifuge tube followed by centrifugation at 12 100 x g for 

60 min at 4ºC (Beckman Model J2-21 Centrifuge, JA-20 rotor). The supernatant was decanted and the 

remaining pellet washed in an equal volume (25 ml) PBS (pH 7.2), followed by centrifugation at 

12 100 x g for 60 min at 4ºC. The supernatant was subsequently decanted and the pellet resuspended in 

6 ml TE buffer, after which 385 µl of a 10% (v/v) SDS solution and 240 µl proteinase K (20 mg/ml) was 

added to the suspension. The suspension was mixed and incubated for 60 min at 55ºC. Following 

incubation, an equal volume of phenol:chloroform (1:1) was added, and the suspension mixed by 

inverting the tube for 10 min, followed by centrifugation at 7000 x g for 5 min at room temperature. The 
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upper phase was removed and transferred to a fresh sterilized screw cap JA-20 centrifuge tube. An equal 

volume of phenol:chloroform was added and the suspension mixed, followed by centrifugation at 

7000 x g for 5 min at room temperature. The upper phase was again removed and this time transferred to 

a clean 2 ml microcentrifuge tube to which 1/10 volume sodium acetate (3 M, pH 5.2), as well as 

0.6 volume isopropanol (-20ºC) was added. After thorough mixing, the sample was left overnight at room 

temperature to allow the DNA to precipitate. Subsequently the sample was centrifuged at 13 000 x g for 

10 min at 4ºC (Biofuge Fresco, Heraeus), after which the supernatant was decanted, and the pellet 

washed twice in 30 ml 70% (v/v) ethanol for 20 min at room temperature. The ethanol was decanted and 

the remaining pellets air-dried for 30 min at 37ºC, after which the DNA was dissolved overnight in 50 µl 

TE buffer.  

3.2.1.4. Quantity and quality determination 

The resulting gDNA preparations were analysed spectrophotometrically (Nanodrop spectrophotometer, 

ND-1000) after the isolation of gDNA from Ms02 cultures by means of the two different extraction 

methods. The concentration (ng/µl) and purity (A260/A230 and A260/A280 ratios) were determined in order 

to establish which extraction method produced gDNA suitable for subsequent whole-genome GS FLX 

sequencing.  

3.2.1.5 Confirmation of Ms02 identity 

The identity of the DNA preparations that were isolated from Ms02 cultures had to be confirmed as Ms02 

and that they were not contaminated with Ms01 and Ms03. This was done by means of a standardized 

mycoplasma polymerase chain reaction (PCR). A primer pair from the 16S rRNA gene sequence of Ms02 

was used. The primers, 16F27 and MGSO are given in Table 3.1. 

Table 3.1 Nucleotide sequences of the species-specific primer pair used to verify Ms02 identity of gDNA 

preparation isolated from cultures prepared at and received from Onderstepoort. 

Primer name Primer sequence (5’→3’) bp-position Tm(°C) 

16F27 (F) 5’-AGAGTTTGATC(A/C)TGGCTCAG-3’ 8 59 

MGSO (R) 5’–TGCACCATCTGTCACTCTGTTAACCTC-3’ 1017 79 

 

The primer pair 16F27 and MGSO (Table 3.1) was used in 20 µl amplification reactions. Each reaction 

mixture contained 2 µl of 10x reaction buffer (RB, JMR-Holdings, USA), 0.8 µl of 5 mM of each 

deoxynucleotide (dATP, dCTP, dGTP and dTTP; Advanced Biotechnologies Ltd., UK), 0.4 µl of each 

primer (20 pmol/µl), 1.6 µl of 25 mM MgCl2, 0.1 µl of Taq DNA polymerase (0.2 units; Super-Therm 

Taq polymerase, JMR-Holdings, USA), 13.7 µl deionised and sterile filtered water and 1 µl of purified 

DNA.  
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The PCR amplifications were all performed in a Hybaid Px2 Thermal Cycler with a program which 

consisted of 35 cycles of 94°C (45 s), 55°C (45 s) and 72°C (1 min 30 s), followed by a final extension 

reaction for 6 min at 72°C. The DNA amplification products were subsequently analyzed by gel 

electrophoresis. Ten microliters of the PCR product, mixed with 0.1 volume of gel loading buffer [50% 

(v/v) glycerol; 0.1% (v/v) bromophenol blue; 50 mM EDTA; 100 mM Tris-base, pH 8.0] were 

electrophoresed (100 V,~60 min) on a 2% (w/v) agarose gel (Molecular Grade Agarose D1-LE, 

Whitehead Scientific) in 1 x TAE buffer (0.04 M Tris-acetate; 0.002 M EDTA, pH 8.0). Ethidium 

bromide (0.175 µg/ml) was included in the gel for ultraviolet (UV) visualization of the DNA. Following 

visualization, the PCR product obtained from the respective DNA preparations was purified as template 

for sequencing reactions (Botes et al. 2005). Furthermore, the remaining PCR products were subjected to 

gel electrophoresis (150 V, 2-3 h) on a 0.5% (w/v) agarose gel in 1 x TAE buffer containing ethidium 

bromide (0.15 µg/ml) as previously described. Single DNA containing bands corresponding to a size of 

1000 bp were excised under UV light and purified using a GFX™ PCR DNA and Gel Band Purification 

kit (GE Healthcare) according to the manufacturers’ instructions. The purified DNA samples were each 

concentrated by centrifugal evaporation to 20 µl on a Savant Speedvac, after which 2 µl of the purified 

and concentrated product was analyzed by gel electrophoresis as previously described to confirm the 

presence and purity of the PCR product.  

Sequencing reactions on the purified DNA templates were subsequently prepared using the BigDye® 

Terminator v3.1 Cycle Sequencing kit (Applied Biosystems). The sequencing reactions each consisted of 

5 µl of 5 x Sequencing buffer, 2 µl Terminator mix, 1 µl primer (16F27, 0.8 pmol/µl), 0.5 µl purified and 

concentrated DNA, and 1.5 µl sterile filtered water water. Amplifications were performed in a Hybaid 

Px2 Thermal Cycler programmed to perform 35 cycles of 96ºC (10 s), 52ºC (30 s) and 60ºC (4 min), 

subsequently ending with a final extension reaction of 10 min at 60ºC. 

The sequencing reaction products were analyzed with an ABI
® 

3130 Genetic Analyser (Applied 

Biosystems) at the DNA sequencing facility of the University of Stellenbosch. Resulting chromatograms 

were edited using Chromas
®
 (v 2.23, Technelysium, Pty., Ltd.) and the nucleotide sequences manually 

aligned with known 16S rRNA gene sequence of Ms02 in BioEdit® (v 7.0.5.2, Hall). 

3.2.2 Whole-genome GS FLX sequencing of Ms02 

After the gDNA of Ms02 was successfully isolated without any contamination, the entire genome of 

Ms02 was sequenced using the Roche Sequencing System based on GS FLX sequencing technology by 

the company, InqabaBiotec, in Pretoria. This method generates short sequences of an average length of 

300 bp, which were assembled into larger contiguous sequences based on the overlap between the reads. 

This was done with a de novo shotgun sequence assembler program which also gave an estimate of the 

size and G+C content of the Ms02 genome. 
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3.2.3 The annotation of contiguous sequences 

The Ms02 contiguous sequences were submitted to the IGS (Institute for Genome Sciences, 

http://ae.igs.umaryland.edu/cgi/index.cgi) Annotation Engine service, as well as the RAST (Rapid 

Annotations based on Subsystem Technology, http://rast.nmpdr.org) prokaryotic genome annotation 

server.  

3.2.3.1 The IGS Annotation Engine service 

Firstly, the 28 contiguous sequences of Ms02 were run through the IGS’s prokaryotic annotation engine 

pipeline. For initial identification of protein coding sequences, the Glimmer3 algorithm was used, which 

identifies genes using interpolated Markov models (Delcher et al. 2007). The putative genes that were 

identified by Glimmer are translated and run through a series of searches. The one main search that was 

performed is a pairwise protein search program written at The Institute for Genomic Research (TIGR) 

called BLAST-extend-repraze (BER). BLAST (Altschul et al. 1990) searches were performed against a 

non-redundant protein database, after which a Smith-Waterman alignment was built between the 

extended version of the query (contiguous sequences) and the significant BLAST matches. The second 

major search that was performed was the hidden Markov models (HMM) database search. The HMMs 

that were used for these searches contain the TIGRFAM and Pfam datasets which in combination totaled 

well over 12 000 HMM’s at that time (Bateman et al. 2004, Haft et al. 2003) but many more have been 

added recently. All of the proteins from the query sequence are searched against the HMM database using 

HMMER (Eddy 1998). All the matches that scored with an expect (E) value of less than one were 

retained in the annotation database for later evaluation. Several additional sequence based searches are 

also performed, one of which is the PROSITE database which consists of a collection of amino acid 

sequence signatures that characterize protein families, domains, or functional sites such as binding sites 

or catalytic sites (Falquet et al. 2002). Furthermore, searches were conducted by using two freely 

available tools developed by the Center for Biological Sequence Analysis, SignalP which predicts the 

presence of a putative signal sequence and the TMHMM (transmembrane hidden Markov models) motif 

which predicts membrane-spanning regions (Bendtsen et al. 2004, Krogh et al. 2001). Potential 

lipoproteins were identified with a specific PROSITE motif. Proteins encoded in the contiguous 

sequences were also searched against the NCBI clusters of orthologous genes (COG) database (Tatusov 

et al. 2003). 

3.2.3.2 The RAST prokaryotic genome annotation server 

A FASTA formatted file of a complete prokaryotic genome or a set of contiguous sequences is uploaded 

and the RAST server starts by first identifying the tRNA and rRNA encoding genes. Any protein-

encoding genes which overlap are not considered. Subsequently, the estimation of probable genes is 

employed by GLIMMER (Delcher et al. 2007). Once the protein-encoding genes have been established, 

the phylogenetic context is established by means of representative sequences from a small set of FIGfams 

[(Fellowship for Interpretation of Genome families, a set of proteins that are globally similar (Aziz et al. 
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2008))]. The outcome of this rapid step is a small set of genes that can be used to estimate the closest 

phylogenetic neighbours of the query genome (contiguous sequences). After the genomes that are 

phylogenetically related are determined, a set of FIGfams that are present in these genomes are formed. 

This constitutes a set of FIGfams that is likely to be found in the new genome. To this end, a set of 

determined genes has been accumulated within the query genome. The remaining putative genes can be 

used to search against the entire collection of FIGfams. Once all the possible assignments have been 

made, an initial metabolic reconstruction is formed. The assigned genes from the IGS server and the 

RAST server as well as the ORF search done by CLC Combined Workbench were compared and cross-

referenced. 

3.2.4 Identification of a vaccine candidate gene in Ms02 by bioinformatic analysis of the whole-

genome GS FLX sequencing data 

In order to identify a gene encoding a membrane protein in Ms02 which would serve as a potential DNA 

vaccine candidate gene, the data obtained from the GS FLX sequencing of Ms02 was subjected to 

bioinformatic analysis. 

3.2.4.1 Similarity searches in the National Center of Biotechnology Information (NCBI) 

database 

The individual contiguous sequences spanning the entire Ms02 genome were first used to search for 

similarities on the NCBI website (http://www.ncbi.nlm.nih.gov/blast) by the Basic Local Alignment 

Search Tool (BLAST). Numerous programs with diverse search strategies are available for different 

BLAST searches on the website of the NCBI. In this study, the blastn, which compares a nucleotide 

query sequence with a nucleotide sequence database, as well as the tblastx, which compares a translated 

nucleotide query sequence with a translated nucleotide sequence database, were used. Each individual 

contiguous sequence obtained from the whole-genome sequencing of Ms02, was analysed for similarity 

at nucleotide level using blastn with a specified wordsize of 15 bases. The significance of identified 

sequence similarities, also referred to as blast hits, was determined by the Expect (E)-value, as well as the 

bit score of the match. The statistical significance of an alignment between the query sequence and a 

sequence in the database is indicated by the E-value; the lower the E-value, the more likely it is that the 

alignment did not occur randomly, and therefore reflects a true sequence similarity. Conversely, a bit 

score reflects the length of the alignment between a query sequence and a sequence in a database. In 

general, as in this study, hits with E-values higher that 0.1, and bit scores lower than 50, were not 

regarded to reflect statistically significant sequence similarity. After the individual contiguous sequences 

were searched with the blastn tool, the results were screened for any hits with genes encoding membrane 

proteins involved in membrane transport and/or host attachment. The tblastx search strategy with the 

specified mold mitochondrial genetic code (UGA is translated as tryptophan and not a stop codon in 
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mycoplasmal mitochondria) was employed to further analyse the similarities at amino acid level of the 

contiguous sequences in which these genes appear. 

3.2.4.2 Open reading frame identification using CLC Combined Workbench software 

All the contiguous sequences of the entire Ms02 genome were also analysed in CLC Combined 

Workbench (v 4.0.1) to search for open reading frames (ORFs). The conditions that were specified in this 

analysis were that, an ORF was assigned with initiation and termination codons ATG and TAA 

respectively, with a minimum length of 300 bp. Searches within the contiguous sequences were 

specifically aimed at the identification of suitable membrane proteins which could serve as vaccine 

candidate genes, e.g. genes such as the P100/OppA genes. The ORFs obtained from this analysis were 

confirmed by alignment and comparison to the ORFs of the identified homologous genes within the 

NCBI database.  

3.2.4.3 Comparative genomics 

The whole genome of Ms02 was compared to a number of fully sequenced mycoplasma genomes. The 

genome size, G+C content and different subsystems were compared. The consensus promoter areas 

upstream of the predicted initiation codon were identified by comparing the 100 bp nucleotide sequences 

upstream of the initiation codon of the P100/OppA genes of M. pneumoniae, M. hominis, Ms01 and 

Ms02. Due to the significant similarities found in the opp genes of the human pathogen M. hominis and 

Ms02, the conserved motifs related to the function of the proteins encoded by the opp genes were 

identified by manual alignment to the gene homologs of M. hominis and published ABC transporter 

consensus motifs (Davidson and Maloney 2007, Garmory and Titball 2004, Henrich et al. 1999, Hopfe 

and Henrich 2004, Weiner et al. 2000). 

3.3 Results 

3.3.1 Isolation of genomic DNA 

3.3.1.1 Comparison of gDNA extraction methods 

Genomic DNA was isolated successfully from Ms02 cultures by means of three different extraction 

methods. The concentration (ng/µl) and purity (A260/A230 and A260/A280 ratios) of the gDNA preparations 

obtained by means of the three extraction methods are shown in Table 3.2. 

The Hempstead extraction method yielded the highest concentration of DNA, with the phenol:chloroform 

method giving almost five times lower yield than the Hempstead method, and the Wizard® Genomic 

Purification kit (Promega) yielded a low but adequate amount of DNA. When comparing the A260/A230 

and A260/A280 ratios the same trend was apparent. The phenol:chloroform method gave a low A260/A280 

ratio showing that organic solvent contamination was present. The Wizard® Genomic Purification kit 
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gave lower A260/A230 and A260/A280 ratios, indicative of protein and organic solvent contamination 

respectively.  

Table 3.2 Comparison of the average gDNA yield obtained from the respective extraction methods determined by 

spectrophotometric analysis (NanoDrop, ND-1000). 

Isolation method Concentration (ng/µl) µg A260/A230 A260/A280 

Hempstead 2510.73 125.53    2.00 1.98 

Phenol:chloroform   533.28   26.66    1.94 1.59 

Wizard Genomic DNA Purification kit (Promega)     93.40     9.40    1.78 1.44 

 

3.3.1.2 Confirmation of Ms02 identity 

The identity of the mycoplasma from which gDNA was isolated was confirmed to be Ms02 by the 

successful production of an 16S rRNA gene amplification product of 1000 bp, followed by sequencing 

and subsequent alignment of the 1000 bp product with the known 16S rRNA gene sequence of Ms02. 

3.3.2 Whole-genome GS FLX sequencing of Ms02 

The gDNA isolated with the Hempstead method was used for whole-genome sequencing. The entire 

genome of Ms02 was successfully sequenced with 99.78% accuracy. De novo shotgun sequence assembly 

resulted in 28 large contiguous sequences amounting to the estimated 900 kbp (895 119 bp) genome size 

of Ms02 with a G+C content of 32%. The contiguous sequences ranged in size from 635 bp to 126 294 bp 

and are listed in Table 3.3. 
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Table 3.3 The 28 large contiguous sequences obtained from whole-genome GS FLX sequencing of Ms02 using the 

Roche 454 Sequencing System. 

Contiguous sequence ID 

number 
Contig length (bp) Number of reads 

39 635 74 

16 809 69 

38 1 089 305 

3 1204 82 

2 1 268 88 

37 1 481 1 038 

11 1 800 129 

17 2 262 192 

33 4 870 889 

44 5 319 378 

9 5 851 376 

26 9 174 703 

10 12 270 936 

1 17 530 1 468 

4 24 502 1 887 

6 25 664 1 938 

31 27 764 2 011 

34 36 348 2 969 

32 37 340 3 060 

12 39 046 2 722 

41 43 856 3 170 

8 54 571 4 332 

14 67 524 2 771 

13 71 894 4 890 

15 75 929 5 789 

7 86 160 6 119 

29 111 665 9 548 

30 127 294 9 651 
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3.3.3 Annotation of the contiguous sequences  

The annotation results from IGS were viewed in Manatee (http://manatee.igs.umaryland.edu/tigr-

scripts/chado_prok_manatee/shared/login.cgi). The functions assigned to the determined genes in the 

RAST prokaryotic genome annotation server were viewed in SEED. The ORFs determined by CLC were 

compared to the genes identified by the Glimmer3 algorithm (Section 3.2.5) in the IGS Annotation 

Engine service and the RAST prokaryotic genome annotation server. All the genes from the IGS 

annotation corresponding with the RAST annotation and the ORF search with CLC were annotated for 

the whole genome of MS02 and are presented in Addendum A. 

The mycoplasma Ms02 genome is 895 119 bp in length of which 817 598 bp (91% of the genome) are 

coding sequences. The base frequencies for adenosine, cytosine, guanine and tyrosine are 33.2%, 15.8%, 

15.8% and 35.2% respectively and an A+T content of 68.4%, reflecting the AT-richness of the 

mycoplasma genome. An average gene length of 1 150 bp was calculated from the annotation results with 

297 genes on the positive strand and 383 genes on the negative strand. A total of 680 coding sequences 

were annotated, and a function could be assigned to 339, whereof 223 were annotated as hypothetical 

proteins, 86 had unknown function and 32 were unclassified (the protein category, i.e. the subsystem, is 

unknown). In Figure 3.1 the 339 assigned annotations are presented as a pie chart with protein synthesis 

genes presenting the highest number of annotated genes (89 genes or 26% of all the annotated genes).  

Figure 3.1 The category distribution of the annotated genes of the Ms02 genome. The subsystem feature counts are 

presented in the pie chart with corresponding colours following clockwise.  
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3.3.4 Identification of a vaccine candidate gene in Ms02 by bioinformatic analysis of the whole-

genome GS FLX sequencing data 

3.3.4.1 Identification of a contiguous sequence in the genome of Ms02 

Similarity searches with individual contiguous sequences using blastn against sequences in the NCBI 

database, led to the identification of one contiguous sequence in the Ms02 genome, contiguous sequence 

8 (54 571 bp), which contained a number of genes encoding membrane proteins involved in membrane 

transport and/or host attachment. Similarity searches in contiguous sequence 8 using blastn and tblastx 

resulted in 1 733 and 9 628 hits respectively, first most significant hits of which are listed in Table 3.4. In 

particular, the well-documented oligopeptide permease system, the Opp operon, was further analyzed 

since the oppA/P100 gene encodes a surface exposed substrate-binding protein in M. hominis and is 

predicted to show strong immunogenic properties when recognized by the host’s immune system 

(Garmory and Titball 2004, Henrich et al. 1993, Nicolas et al. 2007). Alignment of contiguous sequence 

8 and the M. hominis Opp operon revealed that the Ms02 P100 gene analogue was positioned in the 

middle of contiguous sequence 8 at 24 903 – 27 900 bp. 
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Table 3.4 The first most significant hits obtained from BLAST searches on contiguous sequence 8 in the NCBI 

database, blastn, with a wordsize of 11, and tblastx employing the mold mitochondrial genetic code. 

Query 

Sequence 

Search 

type 

Accession number 

 

Description 

 

Bit 

score 

E-

value 

Contig 8 blastn AP009608.1 Mycoplasma fermentans PG18 DNA, nearly 

complete genome 
1337 0 

  CP001991.1 Mycoplasma crocodyli MP145, complete genome 1328 0 

  AE017245.1 Mycoplasma synoviae 53, complete genome 1292 0 

  CP002170.1 Mycoplasma hyorhinis HUB-1, complete genome 798 0 

  FP671138.1 
Mycoplasma agalactiae 5632 chromosome, complete 

sequence 
771 0 

  CU179680.1 
Mycoplasma agalactiae PG2 chromosome, complete 

sequence 
769 0 

  X99740.1 
Mycoplasma hominis P100, oppB, oppC, oppD, oppF 

genes 
657 0 

  FP236530.1 
Mycoplasma hominis strain PG21, chromosome, 

complete genome 
632 7e-179 

  CP001047.1 Mycoplasma arthritidis 158L3-1, complete genome 621 1e-175 

  AE017308.1 Mycoplasma mobile 163K complete genome 603 3e-170 

 tblastx AP009608.1 
Mycoplasma fermentans PG18 DNA, nearly 

complete genome 
916 0 

  CP001873.1 Mycoplasma gallisepticum str. F, complete genome 777 0 

  CP002170.1 Mycoplasma hyorhinis HUB-1, complete genome 766 0 

  CP001991.1 Mycoplasma crocodyli MP145, complete genome 758 0 

  AE017245.1 Mycoplasma synoviae 53, complete genome 745 0 

  FP671138.1 
Mycoplasma agalactiae 5632 chromosome, complete 

sequence 
699 0 

  CU179680.1 
Mycoplasma agalactiae PG2 chromosome, complete 

sequence 
699 0 

  AE017308.1 Mycoplasma mobile 163K complete genome 577 0 

  EU681959.1 
Mycoplasma gallisepticum strain F-K810 F vaccine 

strain marker sequence 
558 0 

  CP001047.1 Mycoplasma arthritidis 158L3-1, complete genome 499 0 

  FP236530.1 
Mycoplasma hominis strain PG21, chromosome, 

complete genome 
488 0 

  X99740.1 
Mycoplasma hominis P100, oppB, oppC, oppD, oppF 

genes 
488 0 
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3.3.4.2 ORF analysis using CLC Combined Workbench software 

ORF searches in contiguous sequence 8 identified a total of 64 ORFs with a minimum length of 300 bp of 

which 30 ORFs were in the positive direction, and 34 ORFs in the negative direction. The Ms02 P100 

gene analogue was found to be in the 32nd ORF and 16th positive directed ORF. Downstream of the P100 

gene, four ORFs with the highest similarity to genes encoding the core domains of the M. hominis 

oligopeptide permease (Opp) system were found. One hundred and thirty one bp downstream of the P100 

the second ORF started and encoded a putative protein with identity to the integral membrane domain, 

OppB, of M. hominis. The third ORF started directly downstream of the oppB gene, with a single base 

overlap between the termination codon of the oppB gene and the initiation codon of the next ORF 

encoding a protein with homologies to the integral membrane domain OppC of M. hominis. The fourth 

ORF followed eleven base pairs downstream of the oppC gene and encoded a protein with homologies to 

the ATP-binding domain OppD of M. hominis. The fifth and final ORF showed an overlap of 7 bp at the 

3’ end of the oppD gene and showed homologies to the ATP-binding domain OppF of M. hominis. The 

length of each gene of the Opp operon in M. hominis was compared to the analogous Opp operon in 

Ms02 and it was found that the genes were very similar in length, the comparison of which is presented in 

Table 3.5. 

Table 3.5 Comparison of the gene lengths of the Opp operon of M. hominis and Ms02. 

Gene 

 

M. hominis Opp 

operon 

Ms02 Opp      

operon % Similarity at 

nucleotide level 

% Similarity at 

amino acid level 
Length in base pairs (bp) 

P100 2 885 2 997 56 13 

OppB 1 145 1 179 59 25 

OppC 1 274 1 332 60 23 

OppD 1 166 1 059 67 50 

OppF 2 528 2 391 61 27 

 

3.3.4.3 Whole-genome comparison and the identification of functional domains  

The comparison of the Ms02 genome to the completely sequenced M. genitalium, M. pneumoniae, M. 

pulmonis and U. urealyticum revealed that the genome of Ms02 is very similar to the other genomes of 

the same genus namely Mycoplasma from the class Mollicutes as shown in Table 3.6. The species M. 

pulmonis and Ms02 are both in the hominis group and show considerable similarities, with both species 

having similar amounts of proteins in several categories of subsystems. 
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Table 3.6 The comparison of functional classification of proteins in Ms02 and other completely sequenced 

mycoplasma genomes.  

 
Ms02 

Mycoplasma 

genitalium 

Mycoplasma 

pneumoniae 

Mycoplasma 

pulmonis 

Ureaplasma 

urealyticum 

Genome size (bp) 895 119 580 074 816 394 963 879 751 719 

G + C content (mol%) 32 32 40 26.6 25.5 

Number of predicted genes 680 484 689 782 614 

      

Amino acid biosynthesis 2 0 0 0 1 

Purine, pyrimidine, nucleoside and nucleotide metabolism 12 19 19 23 20 

Fatty acid and phospholipid metabolism 5 8 9 15 8 

Biosynthesis of co-factors, prosthetic groups and carriers 6 4 8 10 12 

Central intermediary metabolism 2 7 6 9 13 

Energy metabolism 24 33 39 55 24 

Transport and binding proteins 42 33 44 83 48 

DNA metabolism 41 29 46 66 46 

Transcription 13 13 13 12 17 

Protein synthesis 89 90 91 97 91 

Protein fate 22 21 17 22 12 

Regulatory functions 4 5 8 4 6 

Cell envelope 63 29 54 60 19 

Cellular processes 9 6 11 11 13 

Other categories 5 0 3 8 18 

Unknown 86 12 46 11 22 

Hypothetical proteins 255 174 274 296 277 

      

(Table adapted from Chambaud et al. 2001, Fraser et al. 1995, Glass et al. 2000, Himmelreich et al. 1996). 

 

Analysis by comparative genomics revealed two consensus promoter binding sites, designated the -35 

and -10 box at 46 bp, 19 bp and a putative ribosomal binding site (Shine-Dalgarno sequence) 5 bp 

upstream of the translation initiation codon ATG of the P100 gene (Addendum B). The length of the 

genes of the Opp operon of Ms02 and M. hominis and Ms01 were compared and functionally important 

conserved motifs of the respective Opp domains were identified (Figure 3.2 Panels A-D). At the N-

terminus of the translated P100 polypeptide chain, a signal peptide II recognition site [(-4)-VAASC-(+1)] 

with a lipoprotein cysteine attachment site (23SVAVSCANNVS33) was identified. A characteristic 

oligopeptide binding domain (250FRIRPEQVW258) was also identified on the translated P100 polypeptide 

chain confirming the substrate-binding function of the P100 protein. Additionally, the highly conserved 

ATP-binding Walker A motif (815GTGFDGYS822), as well as the less conserved Walker B motif 

(289YRRQQGGSQELDEALK304), was identified on the translated P100 polypeptide chain, lending the 

unusual ecto-ATPase activity to the substrate-binding domain (Figure 3.2, A). In each of the integral pore 

forming domains a characteristic conserved membrane spanning domain was identified, in OppB 
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(258IAKTKGLSTPQIFFKYVLR276) and in OppC (336TASKSIGTSKIRLIYIHALP355) (Figure 3.2, B). In 

each of the two ATP-binding domains, OppD and OppF, the highly conserved Walker A motif 

(47GESGSGKS54 and 53GESGSGKT60), the less conserved Walker B motif (183-LIIADEPTTALD194 and 

695IIVADEPIASLD706), as well as a highly conserved consensus sequence known as the C-motif 

(163LSGGM167 and 675FSGGQ679) were identified (Figure 3.2, C & D). 

For comparative purposes, the lengths of the genes of the Opp operon of the ostrich mycoplasma Ms01, 

as well as the sequences of the relevant functional motif in these genes are indicated in Figure 3.2(A-D).  

3.4 Discussion 

The gDNA from Ms02 was isolated by means of three different extraction methods and each method 

yielded different degrees of purity. The Hempstead method yielded the highest concentration and best 

quality of gDNA. The gDNA isolated by employing the Hempstead method was subsequently used in the 

whole-genome GS FLX sequencing. 

The entire genome of Ms02 was successfully sequenced with 99.78% accuracy using GS FLX sequencing 

technology. The estimated 900 kbp (895 119 bp) genome size of Ms02 with a G+C content of 32% is in 

agreement with the small size of mycoplasma genomes ranging in size from 580 kbp (580 074 bp, M. 

genitalium) to 1 360 kbp (1 358 633 bp, M. penetrans) and the characteristically low G+C content (23-41 

mol%) of mycoplasmas (Fraser et al. 1995, Nicolas et al. 2007, Sasaki et al. 2002). It can be deduced that 

the generation of the contiguous sequences was successful as the majority of the contiguous sequences 

had a length that was larger than 1 000 bp. An amount of 28 contiguous sequences was produced with the 

largest contiguous sequence having a length of 127 294 bp, which consists of 14% of the whole genome.  

In the annotation by means of the IGS annotation and RAST servers of the whole genome of Ms02, 91% 

of the genome was predicted to consist of coding sequences. The comparison of Ms02 to other 

mycoplasma genome annotations confirmed that Ms02 is relatively similar to other species of the same 

genus. The species M. pulmonis and Ms02 are both in the hominis group and show considerable 

similarity, with both species having a similar amount of proteins in several categories of subsystems.  

Throughout the search for a possible vaccine candidate gene in the contiguous sequences of the whole 

genome of Ms02, no gene analogue encoding the membrane proteins of M. pneumoniae (P1), M. 

genitalium (MgPa) or M. gallisepticum (GapA) could be recognized. This may be due to the fact that 

these mycoplasmas do not form part of the M. hominis group (see phylogeny in Figure 2.1). On the other 

hand, an analogue of the gene encoding the membrane protein P100 from M. hominis was identified in 

the contiguous sequences of the whole genome of Ms02. The P100 gene is part of the well-documented 

oligopeptide permease (Opp) system encoded by the Opp operon. The P100 gene was identified in 

contiguous sequence 8, is situated approximately in the centre of the contiguous sequence and showed 
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Figure 3.2 (A) Identification of functionally important conserved motifs within the P100/oppA domain and (B) the 

integral membrane domains OppB and OppC of Ms02, M, hominis and Ms01, respectively.  
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Figure 3.2 (continued) (C and D) Identification of functionally important conserved motifs within the ATP-binding 

domains OppD and OppF of Ms02, M. hominis and Ms01 respectively.  
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a high similarity with the P100 gene of M. hominis. Interestingly, the P100 gene of M. hominis is a 

multifunctional protein that not only represents the substrate-binding OppA domain, but is furthermore 

involved in the attachment of the mycoplasma to host cells (Henrich et al. 1993, Henrich et al. 1999, 

Hopfe and Henrich 2004). Therefore, the P100 gene qualifies as a prime candidate for the development 

of a DNA vaccine. Comparative genomics of the region upstream of the ATG translation initiation codon 

of the P100 gene, led to the identification of the -10 and -35 consensus promoter binding sites, as well as 

a Shine-Dalgarno-like sequence, further confirming the ORF of the P100 protein. The Opp operon of M. 

hominis and Ms02 were compared and revealed that their gene length is very similar. The overlap of 

genes in the Opp operon is a familiar trait in many animal viruses, bacteriophages, mitochondrial 

genomes and prokaryotes (Fukuda et al. 1999). It was initially thought that the overlapping genes 

emerged due to evolutionary pressure to minimize the genome size, but the comparison of the two 

genomes of M. pneumoniae and M. genitalium revealed that the overlapping genes arise from a loss in a 

stop codon in either one of the genes, which then results in the elongation of the 3’ end of the genes’ 

coding region. In addition, the overlapping genes found in the Ms02 Opp operon and the Ms01 Opp 

operon (Pretorius 2009) were found to be uni-directional, which agrees with the consensus for the 

majority of overlapping genes identified in the genomes of M. pneumoniae and M. genitalium (Fukuda et 

al. 1999). 

The amino acid sequence alignment of the Ms02, the M. hominis and the Ms01 Opp operons, revealed 

characteristic motifs related to the function of the individual Opp genes, but also characteristic of ABC 

transporters. The OppB and OppC domains contain motifs characteristic of integral membrane-spanning 

domains, while the OppD and OppF domains possess the typical highly conserved ATP-binding Walker 

A and Walker B motifs, as well as the highly conserved C-motif/linker peptide specific to the ABC 

superfamily. In combination these motifs form the structure for ATP binding, lending to the ATPase 

domain the ability to bind and hydrolyse ATP to provide the necessary energy for the transport of 

oligopeptides into the cell. The N-terminus of the P100 polypeptide chain contains a highly hydrophobic 

signal peptide II leader sequence which directs the translocation of the P100 protein from the cytoplasm 

to the plasma membrane. A crucial cysteine residue was found within the P100 amino acid sequences of 

all three mycoplasmas, of which the SH-group is used to covalently link the P100 protein to an 

outermembrane lipoprotein, thereby ensuring that the P100 proteins remain attached to the membrane of 

the mycoplasma after translocation (Henrich et al. 1999). In addition, the P100 polypeptide chains 

contain a characteristic oligopeptide-binding domain which putatively binds oligopeptide substrates on 

the outside of the mycoplasma cell, and delivers them to the OppBC pore-forming complex of the 

permease system (Hopfe and Henrich 2004). Another remarkable finding is that the P100 polypeptide 

chains possess the highly conserved Walker A and Walker B motifs normally only found in the ATP-

binding OppD and OppF domains, a characteristic which was first described for the OppA protein of 

M. hominis (Hopfe and Henrich 2004). A number of functions were postulated for the ecto-ATPase 

activity of the substrate-binding domain (OppA) namely, (a) defence against the cytolytic effect of 

extracellular ATP, (b) regulation of ecto-kinase substrate concentration, (c) involvement in signal 
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transduction, with (d) possible involvement in the adhesion to cells (Hopfe and Henrich 2004). Even 

though the physiological role of the P100/OppA protein in M. hominis remains exploratory, no mutants 

have been identified to be P100/OppA deficient. Therefore, the P100/OppA protein could play a crucial 

role in the vitality of the organism (Hopfe and Henrich 2004). The mycoplasmas, Ms01 (Pretorius 2009), 

Ms02 and M. hominis (Hopfe and Henrich 2004) are to our knowledge the only mycoplasmas where a 

substrate-binding domain has been identified to possess the highly conserved Walker A and Walker B 

motifs, shown to lend ecto-ATPase activity to the OppA/P100 of M. hominis. This P100 gene was 

identified as the best candidate for the development of a DNA vaccine against the mycoplasma Ms02. 

The cloning, site-directed mutagenesis and subcloning of this gene into a suitable vaccine vector is 

described in Chapter 4. 
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Chapter 4 – The Isolation, Cloning and Site-Directed Mutagenesis of the P100 

Gene for the use in a DNA Vaccine 

4.1 Introduction 

Mycoplasmas lack a cell wall and are consequently members of the class Mollicutes (mollis, soft; cutes, 

skin). Mycoplasmas are only bound by a plasma membrane and they are the smallest and most 

uncomplicated self-replicating prokaryotes. The biological features of mycoplasmas are similar to those 

of prokaryotes, with only morphological differences being the minute cell and genome size (Dybvig and 

Voelker 1996, Razin 1985, Woese et al. 1980). Mycoplasmas possess a circular double-stranded DNA 

chromosome with a size ranging from 600-1 800 kb and a G+C content of 23-41 mol%. Consequently 

adenine and thymidine bases are more abundant in the mycoplasma genome and this has lead to the 

evolution of an alternative genetic code. The universal TGA codon which encodes termination in all other 

organisms encodes for a tryptophan in mycoplasma genomes (Inamine et al. 1990, Razin 1992). This will 

therefore prevent the expression of genes containing the TGA codon in Escherichia coli, if used for 

heterologous expression (Nuc and Nuc 2006) as well as in the ostrich if the gene is inserted into a DNA 

vaccine and needs to be modified to a TGG to ensure tryptophan insertion into proteins expressed in these 

organisms.  

A more recent approach to the development of vaccines is the use of DNA rather than whole organisms 

to provide the necessary protection against virulent organisms (Garmory et al. 2003, Razin 1985, Webster 

and Robinson 1997). A gene encoding a target antigen is cloned into a eukaryotic expression vector 

where after the recombinant plasmid is multiplied in bacteria followed by purification of the plasmid and 

finally the inoculation of the plasmid DNA directly into the animal to be vaccinated. This results in an 

immune response obtained by the vaccinated animal caused by the uptake of the plasmid DNA and 

subsequent production and presentation of the foreign protein by MHC class II molecules to TH-cells 

(Garmory et al. 2003, Webster and Robinson 1997).  

An analogue of the gene encoding the membrane protein P100 from M. hominis was identified in the 

contiguous sequences of the whole genome of Ms02. The P100 gene is part of the well-documented 

oligopeptide permease (Opp) system encoded by the Opp operon. Interestingly, the P100 gene of M. 

hominis is a multifunctional protein that not only represents the substrate-binding OppA domain, but is 

furthermore involved in the attachment of the mycoplasma to host cells (Henrich et al. 1993, Henrich et 

al. 1999, Hopfe and Henrich 2004). Therefore, the P100 gene qualified as a prime candidate for the 

development of a DNA vaccine. 

The purpose of this study was to isolate the P100 candidate gene, clone it, modify it and subclone it into a 

suitable DNA vaccine vector. To this end, amplification of the P100 gene, previously identified in the 

genome of Ms02 as a candidate gene for subsequent DNA vaccine development, was undertaken using 

suitable primers. Subsequently, the gene was cloned into a suitable vector and site-directed mutagenesis 
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(SDM) was used to substitute adenine for a guanine in TGA stop codons found in the P100 gene of 

Ms02. Finally the SDM corrected P100 gene was subcloned into a DNA vaccine vector to generate a 

suitable Ms02 DNA vaccine. 

4.2 Materials and Methods 

4.2.1 Isolation of the P100 gene of Ms02 by PCR 

The P100 vaccine candidate gene’s nucleotide sequence was determined and the gene was isolated from 

the gDNA of Ms02 by PCR for subsequent cloning. Primers for the amplification of the P100 gene were 

designed using Primer Designer (v 1.01). Restriction endonuclease restriction sites were incorporated at 

the 5’ end of each primer for later insertion of the gene into the vaccine expression vector pCI-neo. 

Accordingly the choice of restriction sites was limited to endonucleases that recognize restriction sites 

within both the cloning vectors pGEM®-T Easy and pCI-neo, but with no restriction site in the P100 gene 

prior to or following modification. The primers, including the restriction endonuclease sites as shown in 

Table 4.1, were synthesized by Integrated DNA Technologies (IDT), Iowa City, USA. 

Table 4.1 Nucleotide sequences of the primers used for the isolation of the P100 gene from the gDNA of Ms02. The 

endonuclease recognition sequences incorporated for ultimate cloning in pCI-neo are indicated in italics and 

underlined, with an arrow indicating the respective restriction cut sites. The initiation codon (ATG) and the 

termination codon (TAA) of the P100 gene are indicated in bold. 

Primer name Primer sequence (5’→3’) 

bp-

position Tm(ºC) Endonuclease 

Ms02_P100ampF2 

 

1-34 56 MluI 

Ms02_P100ampR2 

 

2 970-2 997 56 AccI 

 

Primer pair Ms02_P100ampF2 and Ms02_P100ampR2 (Table 4.1) were used in 25 µl amplification 

reactions. Each reaction mixture contained 5 µl of 5x reaction buffer, 0.75 µl of 10 mM of each 

deoxynucleotide (dATP, dCTP, dGTP, dTTP) (KapaBiosystems, South Africa), 2.25 µl of each primer 

(20 pmol/µl), 0.5 µl of 1 U/µl High Fidelity proofreading Taq DNA polymerase (KapaBiosystems, South 

Africa), 100 ng purified DNA, and sterile filtered water. The amplification reactions were performed by a 

Hybaid Px2 Thermal Cycler (Thermo Electron Corporation, USA), set to carry out an initial denaturation 

step at 95ºC (5 min), 35 cycles of 98ºC (20 s), 60ºC (30 s) and 68ºC (2 min), and a final extension step of 

5 min at 68ºC. Ten microliters of the amplified DNA was analyzed by gel electrophoresis as previously 

described (Section 3.2.1.5) to confirm that PCR amplification has taken place. The remaining PCR 

product was purified for subsequent cloning using the GFX™ PCR DNA and Gel Band Purification kit 

(GE Healthcare, United Kingdom) according to the manufacturer’s instructions and the concentration of 

the purified DNA determined spectrophotometrically (NanoDrop). 

5’-A↓CGCGTATGAAATTGAAAAAAAGATTTAATTTATTATTAC-3’ 

3’-GT↓CGACTTATTTAGATGAGTTTTCTTCTAAAACG 5’ 
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4.2.2 Cloning of the P100 gene into the pGEM
®
-T Easy plasmid 

The purified P100 gene was cloned into the pGEM®-T Easy plasmid. The PCR product produced by the 

exonuclease activity (proofreading) DNA polymerase was modified by creating adenosine overhangs to 

allow sticky-end cloning of the P100 gene into the pGEM®-T Easy plasmid. 

4.2.2.1 A-Tailing of blunt-ended PCR product for subsequent ligation into the pGEM
®

-T Easy 

cloning vector 

The amplified and purified PCR product of the primer pair Ms02_P100ampF2 and Ms02_P100ampR2 

(Table3.2) was used as template for A-Tailing. The protocol for A-Tailing as described in the pGEM
®
-T 

Easy Vector System kit (Promega) was carried out. Briefly, the 10 µl reaction mixture contained 1 µl of 

10x reaction buffer, 0.4 µl of 0.2 mM dATP (Bioline), 0.8 µl of 25 mM MgCl2, 1 µl of 5 U/µl Taq DNA 

polymerase (Super-Therm, JMR Holdings) and 6.8 µl purified blunt-ended PCR product. The reaction 

was incubated at 70ºC for 25 min, after which the sticky-end product was purified by using the DNA 

Clean Concentrator™-5 kit (ZYMO Research) according to the manufacturer’s instructions. 

 4.2.2.2 Transformation of E. coli JM-109 cells with recombinant pGEM
®

-T Easy plasmids 

The pGEM®-T Easy Vector System kit (Promega) was used to clone the purified DNA after A-tailing 

into the pGEM
®
-T Easy vectors. The manufacturer’s instructions were employed as follows, 2 µl purified 

DNA was used in a ligation reaction with 50 ng pGEM®-T Easy vector, 5 µl of 2x Rapid Ligation buffer, 

1 µl T4 DNA ligase, and sterile filtered water to final volume of 10 µl. As suggested by the manufacturer, 

a positive control ligation reaction containing control insert supplied in the kit, as well as a background 

ligation reaction containing no insert were also included. The ligation reactions were incubated at 4ºC for 

16 hours before they were used in transformation reactions. A volume of 2 µl of each recombinant 

plasmid construct was introduced to 50 µl competent E. coli cells (JM-109, 1 x 10
7
 cfu/µg DNA, 

Promega). The cells were kept on ice for 20 min, followed by heat shock in a water bath at 42ºC for 45 s 

and subsequently the cells were put on ice for an additional 2 min. Next, 950 µl LB-medium was added 

to the cells, and the cells were incubated at 37ºC for 1 hour 30 min on an IKA® KS 260 Basic orbital 

shaker at 150 rpm. The transformed cells were plated out in duplicate (50 µl and 150 µl) on LB/agar 

plates (15 g/ml) containing ampicillin at 100 µg/ml (Sigma), 0.1 M IPTG at 160 µl/100 ml) (Bioline) and 

50 mg/ml X-Gal at 80 µl/100 ml (Bioline) and were examined for colony development after 16 hours of 

incubation at 37ºC. 

4.2.2.3 Confirmation of positive plasmid construction by diagnostic PCR 

Successful plasmid construction was identified by using the blue/white screening system. Subsequently, 

the positive transformants were subjected to diagnostic PCR using the primer pair T7 (5’-

TAATACGACTCACTATAGGG-3’) and SP6 (5’-ATTTAGGTGACACTATAGAA-3’) to substantiate 

the presence of the inserted DNA in the white colonies. Each PCR reaction contained 1 µl of 10 x 
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reaction buffer, 0.6 µl of 25 mM MgCl2, 0.5 µl of each primer (20 pmol/µl), 0.4 µl of 5 mM of each 

deoxynucleotide (dATP, dCTP, dGTP and dTTP) (Bioline), 0.1 µl Taq DNA polymerase (Super-Therm, 

JMR Holdings), and 6.9 µl sterile filtered water. The DNA present in the colonies was used as the DNA 

source for the PCR. A colony of interest was picked by pricking it with a sterilized toothpick, after which 

the tip of the toothpick was placed into the PCR mixture and flicked 5 times to release some of the 

bacteria from the colony. Two positive control samples of previously purified plasmid DNA samples 

containing 800 bp inserts were also included adding 1 µl of 1:1000 diluted plasmid DNA (100 ng/µl) to 

the PCR mix. The PCR reactions were amplified in a Hybaid Px2 Thermal Cycler programmed to 

perform an initial denaturation step at 94ºC (5 min), 25 cycles of 94ºC (30 s), 55ºC (30 s) and 72ºC (30 s), 

followed by a final extension step at 72ºC for 7 min. The entire 10 µl product was then electrophoresed 

on a 1% (w/v) agarose gel for detection as previously described (Section 3.2.1.5). 

4.2.2.4 Isolation of pGEM T-easy constructs 

After confirmation of positive insertion of the P100 gene using the diagnostic PCR, the positive colonies 

were inoculated in 15 ml conical tubes in 5 ml of LB-medium containing ampicillin (100 µg/ml) (Sigma) 

and incubated at 37ºC for 16 hours on an orbital shaker at 200 rpm. Subsequently the plasmid DNA was 

purified using Invisorb
®
 Spin Plasmid Mini Two (Invitrogen) as follows, 2 ml of the culture was 

transferred to a 2 ml microcentrifuge tube and centrifuged at 16 000 x g for 1 min and the supernatant 

removed. The cell pellet was resuspended in 250 µl of Solution A by vortexing. A volume of 250 µl of 

Solution B (lysis buffer) was added and the tubes were inverted five times, after which 250 µl of Solution 

C was added and the tubes were mixed gently by inverting 4 – 6 times and subsequently centrifuged for 

5 min at 16 000 x g. During centrifugation the spin filters were fitted into the 2.0 ml receiver tubes. After 

centrifugation, the clarified supernatant was transferred onto the spin filter and incubated for 1 min at 

room temperature and then centrifuged for 1 min at 10 000 x g and the filtrate discarded. This wash step 

was repeated once followed by centrifugation for 3 min at 16 000 x g to remove the residual ethanol. 

Subsequently, the spin filter was placed onto a new 1.5 ml microcentrifuge tube and a volume of 50 µl of 

Elution Solution added directly onto the centre of the spin filter surface and incubated for 10 min at room 

termperature. Finally, the spin filter was centrifuged at 10 000 x g for 1 min to elute the plasmid DNA. 

To this end, 2 ml of each inoculant was used for plasmid DNA isolations, while 500 µl of each inoculant 

was stored in an equal volume of 80% (v/v) glycerol at -80ºC for future use and 2 µl of each 50 µl 

plasmid preparation was electrophoresed on a 1% (w/v) agarose gel for detection as previously described 

(Section 3.2.1.5), and the concentration of each sample was determined spectrophotometrically 

(NanoDrop) as described in Section 4.2.1. 

4.2.2.5 Sequencing of plasmid inserts 

Six primers were designed using Primer Designer (v 1.01) to sequence the P100 gene inserted in the 

purified pGEM T-easy plasmid DNA during cycle sequencing PCR as shown in Figure 4.2. The primers 
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were designed so that overlapping sequences could be generated which could then be used to assemble 

whole P100 gene sequences. 

Table 4.2 Nucleotide sequences of the six primers used for the amplification of the insert (P100 gene) in the 

purified plasmid (pGEM T-easy) DNA. 

Primer name Primer sequence (5’→3’) bp-position Tm(ºC) 

Ms02_P100_T7R 5’-CAGGTCTAATTCTGAATCTTACTTCTGAGG-3’ 732 - 762 56 

Ms02_P100_PP2F 5’-CAGCACGAAGGTCAAACATATAGCTATTAC-3’ 625 - 655 57 

Ms02_P100_PP2R 5’-TCCTTGTGTATATGAGTGTAGAAGTTGATC-3’ 1483 - 1513 56 

Ms02_P100_PP3F 5’-CAGTTGAAGTACTTCTAAACAAACATCACC-3’ 1364 – 1394 56 

Ms02_P100_PP3R 5’-AAGTTGTGGAACACCTAAGTAGTAGTTACC-3’ 2242 – 2272 57 

Ms02_P100_SP6F 5’- TTTCAGTAAGAGATTACTTAGCAGATAGAT-3’ 2084 – 2114 54 

 

The six primers (Table 4.2) were used in combination with the primer pair T7 (5’-

TAATACGACTCACTATAGGG-3’) and SP6 (5’-ATTTAGGTGACACTATAGAA-3’) in order to 

sequence the entire 2997 bp insert in eight separate sequencing reactions. Sequencing was performed 

using the BigDye® Terminator v3.1 Cycle Sequencing kit (Applied Biosystems). Each sequencing 

reaction consisted of 2 µl Terminator mix, 2 µl Half-Dye mix (Bioline), 3 µl primer (3.3 pmol/µl) and 

3 µl plasmid DNA (100 ng/µl). Amplification reactions were carried out in a Hybaid Px2 Thermal Cycler 

programmed to perform 35 cycles of 96ºC (10 s), 52ºC (30 s), 60ºC (4 min), followed by a final extension 

step at 60ºC for 10 min. Sequencing PCR reaction products were analyzed with an ABI® 3100 Genetic 

Analyser at the DNA sequencing facility of the University of Stellenbosch. Resulting chromatograms 

were edited using Chromas® and the nucleotide sequenced manually aligned in BioEdit®. 

 

Figure 4.1 A schematic illustration of the P100 gene (2997 bp) cloned into the pGEM
®

-T Easy vector (3015 bp). 

The four primer pairs for the subsequent sequencing of the cloned P100 gene in the recombinant vector are 

indicated. 
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4.2.3 Modification of the P100 gene by site-directed mutagenesis 

To this end, the P100 gene that was cloned into the pGEM®-T Easy plasmid was modified by changing 

the mycoplasma tryptophan codons (TGA) to universal tryptophan codons (TGG) by site-directed 

mutagenesis (SDM). The SDM procedure had many repetitive steps which are demonstrated in 

Figure 4.3.  

4.2.3.1 Primer design 

Primer Designer (v 1.01) was used to design ten primer pairs for the insertion of ten point mutations at 

specific sites within the P100 gene of the Ms02 (Figure 4.2). 

 

 

Figure 4.2 Schematic illustration of the position of the ten sites within the P100 gene of Ms02 for which site-

directed mutagenesis primers were designed. 

 

The nucleotide sequences of the primers synthesized by Integrated DNA Technologies (IDT) are 

presented in Table 4.3. 

4.2.3.2 PCR based site-directed mutagenesis 

PCR-based SDM reactions were carried out in accordance with the KAPAHiFi PCR protocol 

(KapaBiosystems, South Africa). Each reaction contained 10 µl of 5x reaction buffer, 1.5 µl of a solution 

containing 10 mM of each deoxynucleotide (dATP, dCTP, dGT and dTTP) (KapaBiosystems), 4 µl of 

each complimentary mutagenic primer (10 pmol/µl), 0.5 µl of 25 mM MgCl2, 1 µl of 1 U/µl High 

Fidelity Taq DNA polymerase (KapaBiosystems), 20 ng purified template DNA, and sterile filtered water 

was added to a final volume of 50 µl. The detailed strategy for the consecutive reactions to perform the 

SDM to alter all the proposed sites is presented in Figure 4.3. The amplification reactions were carried 

out in a Veriti™ Thermal Cycler (Applied Biosystems) which was programmed to perform an initial 

denaturation step at 95ºC for 5 min, 20 cycles of 98ºC (20 s), annealing at temperature gradient (50ºC - 

75ºC) for 30 s and 68ºC (1 min 30 s), finishing with a final extension step for 5 min at 68ºC.  
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Table 4.3 The nucleotide sequences of the primers used for site-directed mutagenesis in the P100 gene inserted in 

the pGEM
®
-T Easy plasmid. The point mutation is indicated by underlining the changed base pair – TGA becomes 

TGG, and in the reverse primers – TCA becomes CCA.  

Primer name Primer sequence (5’→3’) bp-position Tm(ºC) 

Ms02_P100_SDMP1F 5’-CAACTTATAATAAAGCTGTTTGGGAGTTTGATAACACATATGC-3’ 323 - 365 60 

Ms02_P100_SDMP1R 5’-GCATATGTGTTATCAAACTCCCAAACAGCTTTATTATAAGTTG-3’   

Ms02_P100_SDMP2F 5’-CAGAATTAGACCTGAACAAGTTTGGGTTGACAAAAATGGTCAAAAAAC-3’ 750 – 797 64 

Ms02_P100_SDMP2R 5’-GTTTTTTGACCATTTTTGTCAACCCAAACTTGTTCAGGTCTAATTCTG-3’   

Ms02_P100_SDMP3F 5’-GTGCAAGGTGCTACATCATGGAAATTCTATGATTTCTTAGATTCATTC-3’ 1072 - 1119 63 

Ms02_P100_SDMP3R 5’-GAATGAATCTAAGAAATCATAGAATTTCCATGATGTAGCACCTTGCAC-3’   

Ms02_P100_SDMP4F 5’-GCAAAGGATATGGGATACTACTACTGGTATGGATTTACGCCTGAAAC-3’ 1267 – 1310 64 

Ms02_P100_SDMP4R 5’-GTTTCAGGCGTAAATCCATACCAGTACTATCCCATATCCTTTGC-3’   

Ms02_P100_SDMP5F 5’-CCTTTATGGTGCAATTAACTGGTATAATGTTGCTCAAGCAGG-3’ 1848 – 1889 64 

Ms02_P100_SDMP5R 5’-CCTGCTTGAGCAACATTATACCAGTTAATTGCACCATAAAGG-3’   

Ms02_P100_SDMP6F 5’-GAAGAGCTCATTGCTTACTGGTACTCAGTTTCACCTGCTAG-3’ 2368 – 2408 65 

Ms02_P100_SDMP6R 5’-CTAGCAGGTGAAACTGAGTACCAGTAAGCAATGAGCTCTTC-3’   

Ms02_P100-SDMP7F 5’-CACCTGCTAGAAGAGGTAGATGGAACTATGACTATGATGGAATTGG-3’ 2399 – 2444 64 

Ms02_P100_SDMP7R 5’-CCAATTCCATCATAGTCATAGTTCCATCTACCTCTTCTAGCAGGTG-3’   

Ms02_P100_SDMP8F 5’-CTTTCAATTCCTCTAGATAAATGGAATTTACTAACAAACGCTCAGC-3’ 2608 – 2653 62 

Ms02_P100_SDMP8R 5’-GCTGAGCGTTTGTTAGTAAATTCCATTTATCTAGAGGAATTGAAAG-5’   

Ms02_P100_SDMP9F 5’-GTGGCTACAGCAAAATTCTGGATATATGTAGAACAAGAGTTCTCAAAAC-3’ 2758 – 2806 63 

Ms02_P100_SDMP9R 5’-GTTTTGAGAACTCTTGTTCTACATATATCCAGAATTTTGCTGCAGCCAC-3’   

Ms02_P100_SDMP10F 5’-CCTTACTACAGAATTCCTGTATGGAATGGAAAACTGACAGCTCAC-3’ 2911- 2955 64 

Ms02_P100_SDMP10R 5’-GTGAGCTGTCAGTTTTCCATTCCATACAGGAATTCTGTAGTAAGG-3’   

4.2.3.3 DpnI treatment of PCR product 

Wild-type DNA was digested following each SDM step by treating the SDM-PCR product with DpnI. 

Each 50 µl reaction contained 5 µl of 10x reaction buffer, 10 µl DNA (SDM-PCR product), 0.1 µl of 

10 U/µl DpnI (Fermentas) and 34.9 µl of sterile filtered water. The digestion was carried out by 

incubating the reactions at 37ºC for 2 hours, after which the enzyme was inactivated at 80ºC for 20 min. 

The strategy for DpnI treatment is shown in Figure 4.3. 

4.2.3.4 Agarose gel analysis 

To confirm the successful SDM-PCR and the digestion of methylated wild-type DNA, 2 µl of supercoiled 

plasmid DNA (pre-PCR), 10 µl SDM-PCR product (post-PCR), and 18 µl DpnI treated SDM-PCR 

product (post-DpnI) were respectively electrophoresed on a 1% (w/v) agarose gel for visualization as 
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previously described. After the modification of the fifth site it was found that a better yield is obtained 

when the SDM PCR products were purified for subsequent DpnI treatment and cloning with the GFX™ 

PCR DNA and Gel Band Purification kit (GE Healthcare) according to the manufacturer’s instructions. 

Therefore, the SDM PCR product of sites 5 to 10 was electrophoresed (150V, 2-3 hours) on a 0.5% (w/v) 

agarose gel in a 1 x TAE buffer containing ethidium bromide (0.15 µg/ml) followed by the gel band 

purification according to the manufacturer’s instructions.. 

4.2.3.5 Isolation of modified recombinant pGEM T-easy contructs 

The DNA Clean & Concentrator™-5 kit (ZYMO Research) was used according to the manufacturers’ 

instructions to remove the DpnI digestion products. Subsequently, the vector constructs were used 

directly in the transformation of competent E. coli JM109 cells as previously described. After the 

transformation of competent E. coli JM109 cells the blue/white screening system was used to identify 

positive clones containing the recombinant pGEM®-T Easy vector. The positive transformants were 

subjected to diagnostic PCR with the primer pair T7 (5’-TAATACGACTCACTATAGGG-3’) and SP6 

(5’-ATTTAGGTGACACTATAGAA-3’) to verify the presence of the insert as previously described 

(Section 4.2.2.3). The positive transformants that were confirmed to contain the mutated gene were 

cultivated for subsequent plasmid isolations as previously described. The DNA purification steps and 

transformations of the modified pGEM®-T Easy constructs are shown in Figure 4.3. 

4.2.3.6 Sequencing of modified DNA inserted into the plasmid 

The verification of successful SDM of each TGA codon to a TGG codon was confirmed by means of 

sequencing the entire 2997 bp insertion of the purified recombinant plasmid DNA with the six primers 

described in Table 4.2, as well as the primer pair T7 (5’-TAATACGACTCACTATAGGG-3’) and SP6 

(5’-ATTTAGGTGACACTATAGAA-3’) in eight separate sequencing reactions as previously described. 

The entire mutated gene was sequenced in order to verify that there were no mutations of undesired sites. 

Sequencing was performed using he BigDye
®
 Terminator v3.1 Cycle Sequencing kit, and the products 

analyzed with an ABI® 3100 Genetic Analyser as previously described (Section 4.2.2.5), and resulting 

chromatograms edited using Chromas
®
 and the nucleotide sequences manually aligned in BioEdit

®
. All 

the sequencing reactions which were employed for each site-directed mutagenesis round are presented in 

Figure 4.3. 
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SDM PCR    : 13 reactions 

GE healthcare kit    : 6 cleanups 

Treating with DpnI   : 30 reactions 

DNA preparations with ZYMO-5  : 6 preparations 

Transformation of JM 109 cells  : 6 plates 

Plasmid preparations with Invisorb®  : 20 preparations 

Sequencing reactions   : 160 reactions 

5% of colonies sequenced were correct (1/20 ) 

Figure 4.3 Flowchart of the procedure followed for the site-directed mutagenesis of the P100 gene. The percentage of 

colonies which were modified without the introduction of additional sequence errors is indicated after each of the SDM 

steps. 

Site-Directed Mutagenesis of Site 10: bp-position 2934 

Site-Directed Mutagenesis of Site 8: bp-position 2631 

SDM PCR    : 55 reactions 

Treating with DpnI   : 74 reactions 

DNA preparations with ZYMO-5  : 8 preparations 

Transformation of JM 109 cells  : 28 plates 

Plasmid preparations with Invisorb®  : 28 preparations 

Sequencing reactions   : 192 reactions 

 

4% of colonies sequenced were correct (1/24 ) 

SDM PCR    : 65 reactions 

Treating with DpnI   : 134 reactions 

DNA preparations with ZYMO-5  : 20 preparations 

Transformation of JM 109 cells  : 25 plates 

Plasmid preparations with Invisorb®  : 40 preparations 

Sequencing reactions   : 256 reactions 

 

6% of colonies sequenced were correct (2/32 ) 

SDM PCR    : 25 reactions 

GE healthcare kit    : 6 cleanups 

Treating with DpnI   : 55 reactions 

DNA preparations with ZYMO-5  : 10 preparations 

Transformation of JM 109 cells  : 12 plates 

Plasmid preparations with Invisorb®  : 8 preparations 

Sequencing reactions   : 128 reactions 

50% of colonies sequenced were correct (4/8 ) 

SDM PCR    : 13 reactions 

GE healthcare kit    : 6 cleanups 

Treating with DpnI   : 30 reactions 

DNA preparations with ZYMO-5  : 12 preparations 

Transformation of JM 109 cells  : 12 plates 

Plasmid preparations with Invisorb®  : 20 preparations 

Sequencing reactions   : 160 reactions 

5% of colonies sequenced were correct (1/20 ) 

SDM PCR    : 13 reactions 

GE healthcare kit    : 6 cleanups 

Treating with DpnI   : 30 reactions 

DNA preparations with ZYMO-5  : 6 preparations 

Transformation of JM 109 cells  : 6 plates 

Plasmid preparations with Invisorb®  : 20 preparations 

Sequencing reactions   : 160 reactions 

5% of colonies sequenced were correct (1/20 ) 

Site-Directed Mutagenesis of Site 3: bp-position 1092 

Site-Directed Mutagenesis of Site 4: bp-position 1290 Site-Directed Mutagenesis of Site 9: bp-position 2778 

Site-Directed Mutagenesis of Site 5: bp-position 1869 

SDM PCR    : 25 reactions 

GE healthcare kit    : 6 cleanups 

Treating with DpnI   : 30 reactions 

DNA preparations with ZYMO-5  : 6 preparations 

Transformation of JM 109 cells  : 6 plates 

Plasmid preparations with Invisorb®  : 20 preparations 

Sequencing reactions   : 160 reactions 

10% of colonies sequenced were correct (2/20 ) 

Optimising the SDM PCR  : 80 reactions 

Treating with DpnI   : 44 reactions 

DNA preparations with ZYMO-5  : 12 preparations 

Transformation of JM 109 cells  : 24 plates 

Plasmid preparations with Invisorb®  : 12 preparations 

Sequencing reactions   : 64 reactions 

 

50% of colonies sequenced were correct (4/8) 

SDM PCR    : 18 reactions 

Treating with DpnI   : 13 reactions 

DNA preparations with ZYMO-5  : 6 preparations 

Transformation of JM 109 cells  : 6 plates 

Plasmid preparations with Invisorb®  : 8 preparations 

Sequencing reactions   : 64 reactions 

 

12.5% of colonies sequenced were correct (1/8) 

Site-Directed Mutagenesis of Site 6: bp-position 2388 

SDM PCR    : 25 reactions 

GE healthcare kit    : 12 cleanups 

Treating with DpnI   : 61 reactions 

DNA preparations with ZYMO-5  : 12 preparations 

Transformation of JM 109 cells  : 12 plates 

Plasmid preparations with Invisorb®  : 12 preparations 

Sequencing reactions   : 96 reactions 

8% of colonies sequenced were correct (1/12 ) 

Site-Directed Mutagenesis of Site 1: bp-position 345 

Site-Directed Mutagenesis of Site 2: bp-position 774 Site-Directed Mutagenesis of Site 7: bp-position 2421 
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4.2.4 Subcloning of the P100 gene into the pCI-neo Mammalian expression vector 

To this end, the P100 gene was cloned into the pGEM®-T Easy plasmid after which the gene was 

modified by changing the mycoplasma tryptophan codons (TGA) to universal tryptophan codons (TGG) 

by site-directed mutagenesis. Restriction sites were incorporated in the primers as shown in Table 3.2 in 

order to excise the P100 gene from the pGEM
®
-T Easy vector and ligate the gene into the pCI-neo 

vector.  

4.2.4.1 Restriction Enzyme excision of the pGEM
®
-T Easy plasmid with AccI 

The pGEM®-T Easy plasmid containing the P100 gene was first treated with the AccI restriction 

endonuclease. Each 20 µl reaction contained 11.1 µl sterile filtered water, 2 µl of 10x restriction 

endonuclease (RE) buffer, 0.2 µl bovine serum albumin (BSA) and 5 µl DNA (pGEM®-T Easy plasmid 

containing the P100 gene). The reaction was mixed by pipetting up and down after which 1.7 µl of 6 U/µl 

of AccI (Promega) was added. Each reaction was incubated at 37ºC for 2 hours, after which the DNA 

Clean & Concentrator
™

-5 kit (ZYMO Research) was used according to the manufacturers’ instructions to 

remove the AccI digestion products.  

4.2.4.2 Restriction endonuclease excision of the pCI-neo vector with AccI 

The pCI-neo vector was also first treated with the AccI restriction endonuclease. Each 20 µl reaction 

contained 2 µl RE buffer, 0.2 µl BSA, 1 µl DNA (pCI-neo vector), 1.7 µl of 6 U/µl of AccI (Promega) 

and sterile filtered water was added to a final volume of 20 µl. The reaction was incubated at 37ºC for 

1 hour. Subsequently, the excised products were treated with the DNA Clean & Concentrator
™

-5 kit 

(ZYMO Research) according to the manufacturers’ instructions in order to remove the AccI digestion 

products. 

4.2.4.3 Restriction endonuclease excision with MluI 

The purified products were used as the DNA in the digestion reaction with the restriction endonuclease 

MluI for both the pGEM
®
-T Easy plasmid containing the P100 gene and the pCI-neo vector separately. 

Each reaction contained 8.8 µl sterile and filtered water, 2 µl 10x RE buffer, 0.2 µl BSA, 8 µl DNA 

(80 ng/µl) and 1 µl of 10 U/µl of MluI (Promega). The reactions were incubated at 37ºC for 1 hour, after 

which the enzyme was inactivated for 15 min at 65ºC.  

The samples which had the pGEM
®
-T Easy plasmid containing the P100 gene were purified with the 

DNA Clean & Concentrator™-5 kit (ZYMO Research) according to the manufacturers’ instructions. The 

samples containing the digested pCI-neo vector were treated with Shrimp Alkaline Phosphatase (SAP) in 

order to finally maximize the ligation between the insert and the vector. Each reaction contained 3 µl 10x 

SAP buffer, 16 µl DNA (80 ng/µl), 1.3 µl of 1 U/µl SAP (Promega) and sterile filtered water to a final 

volume of 30 µl. The reactions were incubated at 37ºC for 15 min, after which the enzyme was 
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inactivated for 15 min at 65ºC. The samples were purified with the DNA Clean & Concentrator
™

-5 kit 

(ZYMO Research) according to the manufacturers’ instructions. 

4.2.4.4 Constructing the pCI-neo vector containing the mutated P100 gene 

The pCI-neo Mammalian Expression Vector kit (Promega) was used to clone the purified DNA (pGEM®-

T Easy plasmid and P100 gene digested with AccI and MluI) into the pCI-neo vector. The ligation 

reaction contained 1.5 µl purified DNA, 100 ng pCI-neo vector, 1 µl 10x ligation buffer, 1 µl of 3 U/µl T4 

DNA ligase and sterile, filtered water to a final volume of 10 µl. A negative control was also included by 

not adding any DNA to the ligation reaction. The ligation reactions were incubated at 4ºC for 16 hours. 

Subsequently, the vector constructs were used directly in the transformation of competent JM109 cells as 

previously described. After the transformation of competent E. coli JM109 cells the blue/white screening 

system was used to identify positive clones containing the recombinant pCI-neo vector. The positive 

transformants were subjected to diagnostic PCR with the primer pair T7EEV (5’-

AGGGCTAGAGTACTTAATACG-3’) and Ms02_P100_PP2R (Table 4.1) to verify the presence of the 

insert as previously described in Section 4.2.2.3. The positive transformants that were confirmed to 

contain the mutated gene were cultivated for subsequent plasmid isolations as previously described. 

4.2.4.4 Sequencing of modified DNA inserted into the pCI-neo vector 

The verification of successful cloning of the P100 into the pCI-neo vector was confirmed by means of 

sequencing the entire 2997 bp insertion of the purified recombinant plasmid DNA with the six primers 

described in Table 4.2, as well as the primer pair T7EEV (5’-AAGGCTAGAGTACTTAATACG -3’) and 

T3 (5’-AATTAACCCTCACTAAAGGG -3’) in eight separate sequencing reactions as previously 

described in Section 4.2.2.5. The entire mutated gene was sequenced in order to verify that there were no 

mutations of undesired sites. Sequencing was performed using he BigDye
®
 Terminator v3.1 Cycle 

Sequencing kit, and the products analyzed with an ABI® 3100 Genetic Analyser as previously described, 

and resulting chromatograms edited using Chromas
®
 and the nucleotide sequences manually aligned in 

BioEdit®. 

4.3 Results 

4.3.1 PCR amplification of the P100 gene 

The P100 gene of Ms02 was successfully isolated from gDNA by PCR using the primer pair 

Ms02_P100ampF2 and Ms02_P100ampR2 (Table 4.1) and yielded an amplification product of a 

predicted size of 3009 bp (2997 bp P100 gene + 2 x 6 bp representing restriction endonuclease cut sites) 

(Figure 4.4). 
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Figure 4.4 Gel electrophoretic image of the PCR product obtained with the primer pair Ms02_P100ampF2 and 

Ms02_P100ampR2 electrophoresed on a 1% (w/v) agarose gel. Ethidium bromide (1.75 µg/ml) was added for the 

visualization of DNA under ultraviolet (UV) light. The amplification reactions were performed with a temperature 

gradient (50°C-70°C) and analyzed in duplicate. In lane 11: 5 µl of a DNA ladder mix (Fermentas) were loaded. 

 

Both the annealing temperatures 55°C and 60°C produced a high-quality amplification product.  No 

amplification products were produced at 50°C, 65°C and 70°C. It was concluded that the amplification 

reaction with the primer pair Ms02_P100ampF2 and Ms02_P100ampR2 had the most suitable annealing 

temperature at 55°C - 60°C.  

4.3.2 Cloning of the P100 gene into the pGEM
®
-T Easy plasmid 

The cloning of the P100 gene into the pGEM®-T Easy plasmid, by using the pGEM®-T Easy cloning kit 

(Promega) was successful resulting in adequate white colonies. The presence of the inserted P100 gene 

was confirmed by performing a diagnostic PCR with the primers T7 and SP6 resulting in an amplification 

product of a predicted size of 3 009 bp (2997 bp P100 gene + 2 x 6 bp representing restriction 

endonuclease cut sites) (Figure 4.5) as previously described. 
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Figure 4.5 Gel electrophoretic image acquired after diagnostic PCR with the primer pair T7 and SP6 

electrophoresed on a 1% (w/v) agarose gel. Ethidium bromide (1.75 µg/ml) was added for the visualization of DNA 

under ultraviolet (UV) light. Lane 1: 5 µl DNA ladder mix (Fermentas). Lane 2-6: 10 µl PCR product using blue 

colonies as template DNA (negative control). Lane 7-22: 10 µl PCR product using white colonies as template DNA. 

Lane 23-24: 10 µl PCR product (positive control).  

 

The plasmids containing the P100 gene were successfully isolated from the bacteria, followed by 

sequencing to examine the inserted P100 gene for point mutations (deletions, substitutions, insertions) 

that may have occurred during amplification. A proofreading DNA polymerase was used for 

amplification prior to cloning, where an average of 18 recombinant plasmids containing the P100 gene 

revealed that although errors did still occur in most of the inserted P100 genes, at least one mutation-free 

clone could be identified (minimum of 6% error-free clones). The most abundant mutation was an 

insertion (the primer being used was repeated) which was inserted adjacent to the site to be corrected. 

These mutations of the P100 gene led to many repetitive plasmid isolations and subsequent sequencing 

reactions (Figure 4.3) in order to obtain an error-free pGEM
®
-T Easy-P100 gene construct for the ensuing 

modification by site-directed mutagenesis.  

4.3.3 Analysis of the P100 gene after modification by site-directed mutagenesis 

The PCR-based SDM and subsequent DpnI treatments were monitored by agarose gel electrophoresis. 

Figure 4.6 is a typical result of the electrophoretic image of the SDM and subsequent DpnI treatments 

specifically of the third site in the P100 gene. The isolated recombinant plasmid, pGEM®-T Easy-P100 

gene construct was used as a supercoiled pre-SDM-PCR reference in lane 2. A full plasmid copy was 

produced from the SDM-PCR with one SDM primer pair (in which site 3 was corrected) which was 

unmethylated and not supercoiled, and therefore showed a lower mobility (lanes 3 and 4). In this 

instance, the supercoiled plasmid template was not visible in lanes 3 and 4 due to its low concentration. 

The methylated supercoiled template was removed prior to transformation by DpnI treatment as the 

methylated plasmid template would be preferentially transformed over unmethylated SDM-PCR product. 
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The SDM products after DpnI treatment are shown in lanes 5 to 8 respectively. The intensities of the 

bands are reduced due to the 5 fold dilution brought about by the DpnI treatment.  

 

 

Figure 4.6 Gel electrophoretic image displaying the analysis of the product following every step during site-

directed mutagenesis of the P100 gene electrophoresed on a 1% (w/v) agarose gel. The reactions were performed in 

duplicate. Lane 1: 5 µl DNA ladder mix (Fermentas), lane 2: 2 µl of a 10 ng/µl solution of plasmid containing the 

P100 insert (supercoiled) (pre-SDM PCR), lane 3-4: 10 µl post-SDM PCR product with primer pair 

Ms02_P100_SDMP3F/R (position 1 092; Tm = 62.7°C), lane 5-8: 18 µl of SDM PCR product 

(Ms02_P100_SDMP3F/R) post-DpnI-treatment.  

 

By employing SDM, the ten mycoplasmal codons for tryptophan (TGA) were modified to the universal 

codon for tryptophan (TGG), and the modification confirmed by sequencing and subsequent alignment in 

BioEdit
®
 (Addendum C). The percentage of colonies which were modified without the introduction of 

additional sequence errors is indicated after each of the SDM steps in Figure 4.3. 

4.3.4 Subcloning of the P100 gene into the pCI-neo mammalian expression vector 

The restriction endonuclease digestion of pGEM®-T Easy-P100 gene construct and the pCI-neo vector 

with AccI and MluI were verified by agarose gel electrophoresis. The pGEM
®
-T Easy-P100 gene 

construct produced two products (the pGEM®-T Easy vector: 3 015 bp and the P100 gene: 2 997 bp) 

which migrated to the same region on the gel and represents a thick double band in the gel electrophoretic 

image (lane 2 of Figure 4.7). The pCI-neo vector produced one product of 5 474 bp (lane 4 and 5 in 

Figure 4.7) after the digestion with each of the restriction endonucleases AccI and MluI respectively. 
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Figure 4.7 Gel electrophoretic image of the restriction enzyme digestion of the pGEM
®
-T Easy-P100 gene 

construct and the pCI-neo vector with AccI and MluI. Lane 1: 5 µl DNA ladder mix, lane 2: The pGEM®-T Easy-

P100 gene construct after restriction endonuclease digestion with AccI and MluI, lane 3: pCI-neo vector after the 

restriction endonuclease digestion with AccI and lane 4: pCI-neo vector after the restriction endonuclease digestion 

with MluI.  

 

The cloning of the P100 gene into the pCI-neo expression vector, by using the pCI neo cloning 

Mammalian Expression Vector kit (Promega) was successful as indicated by white colonies after 

transformation. The presence of the inserted P100 gene was confirmed by performing a diagnostic PCR 

with the primer pair T7EEV (5’-AGGGCTAGAGTACTTAATACG-3’) and Ms02_P100_PP2R (Table 

4.1) resulting in an amplification product of a predicted size 1 500 bp as previously described. The 

plasmids containing the P100 gene were successfully isolated from the bacteria, followed by sequencing 

to examine the inserted P100 gene for point mutations (deletions, substitutions, insertions) that may have 

occurred. Sequencing verified that two plasmids with a mutation-free (except for the SDM) P100 gene 

had been generated and these were isolated and stored for subsequent vaccine trials and further research.  

4.4 Discussion 

The P100 gene of Ms02, chosen for use in a DNA vaccine, was amplified from the gDNA of Ms02 by 

PCR. The use of proofreading DNA polymerase ensured that the P100 gene could be amplified without 

any point mutations. The successfully amplified P100 gene was then cloned into the pGEM
®
-T Easy 

plasmid. Ten mycoplasma tryptophan codons (TGA) which encode termination codons in the universal 

genetic code were successfully modified to universal tryptophan codons (TGG) for expression in 
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eukaryotes by means of site-directed mutagenesis. After each SDM round an average of 18 recombinant 

plasmids containing the P100 gene revealed that although errors did still occur in most of the inserted 

P100 genes, at least one mutation-free clone could be identified (a minimum of 6% error-free clones). 

The most abundant error was the insertion of the primer sequence which was inserted adjacent to the site 

to be mutated. These errors of the P100 gene led to many repetitive plasmid isolations and subsequent 

sequencing reactions (Figure 4.3) in order to find an error-free pGEM®-T Easy-P100 gene construct for 

the ensuing modification by SDM. 

After the modification of the P100 gene, it was subcloned into the pCI-neo mammalian expression vector 

thereby successfully generating a DNA vaccine. The P100 gene is now suitable for cloning into other 

vaccine vectors such as the VR1012 and VR 1012 (Vical) used in this laboratory. These vaccine vectors 

can possibly be more effective as they consist of alternative promoters and secretion signal peptides 

upstream of the cloning site for the vaccine candidate gene. Similar work was successfully performed to 

develop a DNA vaccine vector against the ostrich-specific mycoplasma Ms01 by Pretorius in 2009. In 

future, vaccine trials in ostriches can now be conducted to assess the efficacy of this P100 gene 

containing DNA vaccine in generating protective immunity against the ostrich-specific mycoplasma 

Ms02. Another possibility is to insert the DNA vaccines into non-viable Salmonella typhimurium as a 

vaccine carrier to elicit mucosal immunity.  
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Chapter 5 – Conclusions and Future Perspectives 

The upper respiratory infections caused by the three ostrich-specific mycoplasmas, Ms01, Ms02 and 

Ms03 place a considerable constraint on ostrich production in South Africa. At present there is no 

mycoplasma vaccine that is registered for the treatment of mycoplasma infected ostriches. In recent 

studies it was shown that the poultry mycoplasma (MG and MS) vaccines could not provide the 

protection ostriches in South Africa needed against ostrich-specific mycoplasmas due to the lack of 

immunological cross-reactivity (Pretorius 2009). Consequently, this emphasized the need for a species 

specific vaccine against each of the ostrich-specific mycoplasmas Ms01, Ms02 and Ms03. 

The conventional approach to vaccine development i.e. the generation of attenuated or inactivated whole 

organism vaccines, against the ostrich-specific mycoplasmas was unsuccessful due to their weak 

cultivation properties. For this reason, the development of a DNA vaccine against the ostrich-specific 

mycoplasma Ms02 was undertaken. The entire genome of Ms02 was sequenced using the 454 Sequencing 

System based on GS FLX sequencing technology in order to identify a candidate gene for the use in a 

DNA vaccine. The contiguous sequences produced by the whole-genome sequencing were 

bioinformatically analysed and annotated, where after the P100 gene of Ms02 was identified as a vaccine 

candidate gene. This gene was found to be analogous to the M. hominis gene encoding the 

multifunctional substrate-binding and cytadherene associated P100 protein. Interestingly, the P100 gene 

of Ms02, just as that of Ms01 (Pretorius 2009), was found to possess an ecto-ATP-ase activity as has been 

identified in M. hominis (Hopfe and Henrich 2004).The P100 gene was successfully isolated, cloned and 

modified by site-directed mutagenesis, after which it was inserted into a suitable mammalian expression 

vector, pCI-neo, for the future use in ostriches as a DNA vaccine. Due to the fact that this vaccine 

candidate gene has now been suitably modified for expression in eukaryotic systems, the insertion into 

other vaccine vectors or in Salmonella as possible vaccine carriers can be used in order to elicit mucosal 

immunity. Due to mycoplasmas infecting the respiratory tracts of ostriches it might be a more successful 

route for vaccination against ostrich-specific mycoplasmas.  

Vaccination trials with the resulting DNA vaccine together with a subsequent field challenge with 

ostrich-specific mycoplasmas, will have to be executed to assess the efficacy of this vaccine in the future. 

An immunodiagnostic test, such as an enzyme-linked immunosorbent assay (ELISA), will have to be 

developed for the evaluation of immune responses elicited towards the Ms02-specific DNA vaccine in 

ostriches. These assays will have to be performed with ELISA plates coated with whole Ms02 organism 

or P100 protein. The SDM corrected P100 gene of Ms02 will therefore also be of value if cloned into a 

suitable expression vector to produce recombinant P100 protein for ELISA plate coating purposes. 

Similar research is currently in progress on a DNA vaccine based on the P100 gene of Ms01. If it is found 

that protection against Ms01 and Ms02 is elicited by such DNA vaccines, the same approach can be 

employed for the development of a DNA vaccine for the ostrich-specific mycoplasma Ms03.  
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The assembly of the contiguous sequences of the whole genome of Ms02 and the additional annotation of 

the sequences between the contiguous sequences will contribute to the whole genome sequencing of 

Ms02, its complete annotation and its subsequent publication. In addition, the bioinformatic analysis of 

the whole genome of Ms02, including the sequencing data, ORF determination, translation of the 

nucleotide sequence, and defining the genes and their products will contribute to the comprehensive 

molecular description of the cellular machinery of Ms02. In future, the whole-genome sequencing and 

annotation data of Ms02 generated in this study can be used to search for other possible vaccine candidate 

genes for the subsequent development of additional DNA vaccines against the ostrich-specific 

mycoplasma Ms02. The DNA vaccine incorporating the P100 gene generated in this study and those 

possibly based on other vaccine candidate genes of the Ms02 genome may therefore solve the problems 

associated with Ms02 infections in ostriches in future.  
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Addendum A     Annotation of the whole genome of Ms02 

The annotation of all the contiguous sequences except for contiguous sequences 16, 37 and 39 of the 

whole genome of Ms02. The contiguous sequences are listed numerically with each annotated gene’s 

length and the position of initiation and termination indicated. The possible subsystem and / or function is 

indicated where possible 

 

 

 

Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00001 519 1844 1326 

Cell division trigger factor  

(EC (Enzyme Commission 

number) 5.2.1.8) 

Unknown 

CDS contig00001 1971 3269 1299 
Histidyl-tRNA synthetase 

(EC 6.1.1.21) 

tRNA aminoacylation, 

His 

CDS contig00001 3281 4978 1698 
Aspartyl-tRNA synthetase 

(EC 6.1.1.12) 

tRNA aminoacylation, 

Asp and Asn 

CDS contig00001 5096 6145 1050 

AAA (ATPases Associated 

with diverse cellular 

Activities) superfamily 

ATPase 

Unknown 

CDS contig00001 6135 8402 2268 Putative serine protease Unknown 

CDS contig00001 8584 8997 414 Hypothetical protein Unknown 

CDS contig00001 9092 9274 183 Hypothetical protein Unknown 

CDS contig00001 10374 9472 903 Hypothetical protein Unknown 

CDS contig00001 10527 11450 924 Hypothetical protein Unknown 

CDS contig00001 11454 13058 1605 Hypothetical protein Unknown 

CDS contig00001 13268 13867 600 
SSU (Small subunit) 

ribosomal protein S4p  
Unknown 

CDS contig00001 13889 14098 210 
LSU (Large subunit)  

ribosomal protein L31p 
Ribosome LSU bacterial 

CDS contig00001 14232 14600 369 
tmRNA-binding protein 

SmpB 

Competence or DNA 

damage-inducible protein 

CinA and related protein 

families 

CDS contig00001 15037 15288 252 Hypothetical protein Unknown 

CDS contig00001 15936 15313 624 

CDP-diacylglycerol--

glycerol-3-phosphate 3-

phosphatidyltransferase 

(EC 2.7.8.5) 

Competence or DNA 

damage-inducible protein 

CinA and related protein 

families, Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00001 16392 15949 444 Hypothetical protein Unknown 

CDS contig00001 16554 17411 858 
Alkaline phosphatase (EC 

3.1.3.1) 
Phosphate metabolism 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00002 202 1176 975 

Type I restriction-

modification system, 

specificity subunit S (EC 

3.1.21.3) 

Unknown 

CDS contig00003 1137 13 1125 Hypothetical protein Unknown 

CDS contig00004 484 188 297 Hypothetical protein Unknown 

CDS contig00004 531 1880 1350 Hypothetical protein Unknown 

CDS contig00004 1882 2589 708 
ABC transporter family 

protein 
Unknown 

CDS contig00004 2564 3490 927 Hypothetical prolipoprotein Unknown 

CDS contig00004 3483 4352 870 Putative lipoprotein Unknown 

CDS contig00004 4399 5217 819 Putative lipoprotein Unknown 

CDS contig00004 5694 5296 399 
Large conductive 

mechanosensitive channel 
Unknown 

CDS contig00004 6794 5715 1080 
Ribonuclease BN-like 

family protein 
Unknown 

CDS contig00004 8196 6775 1422 

Glutamyl-tRNA synthetase, 

B subunit (EC 

63.5.7)and/or aspartyl-RNA 

amidotransferase, B subunit 

(EC 6.3.5.6) 

tRNA aminoacylation, 

Glu and Gln, tRNA 

aminoacylation, Asp and 

Asn 

CDS contig00004 9517 8186 1332 

Glutamyl-tRNA synthetase, 

A subunit (EC 

63.5.7)and/or aspartyl-RNA 

amidotransferase, A subunit 

(EC 6.3.5.6) 

tRNA aminoacylation, 

Glu and Gln, tRNA 

aminoacylation, Asp and 

Asn 

CDS contig00004 9819 9517 303 

Asp-tRNAAsn/Glu-

tRNAGln amidotransferase 

C subunit 

Unknown 

CDS contig00004 10687 9827 861 
RNA pseudouridylate 

synthase family protein 

Ribosome biogenesis 

bacterial 

CDS contig00004 11262 10687 576 
Segregation and 

condensation protein B 

Two cell division clusters 

relating to chromosome 

partitioning 

CDS contig00004 11995 11252 744 
Segregation and 

condensation protein A 

Two cell division clusters 

relating to chromosome 

partitioning 

CDS contig00004 12732 11995 738 

Acyltransferase family 

protein:  1-acyl-sn-glycerol-

3-phosphate acyltransferase 

(EC 2.3.1.51)  

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria, 

Phosphate metabolism 

CDS contig00004 12988 12734 255 Hypothetical protein Unknown 

CDS contig00004 13455 13048 408 Hypothetical protein Unknown 

CDS contig00004 14855 13455 1401 
Glutamyl-tRNA synthetase 

(EC 6.1.1.17) 

tRNA aminoacylation, 

Glu and Gln, tRNA 

aminoacylation, Glu and 

Gln 

RNA contig00004 15065 15140 76 tRNA-Lys-CTT Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00004 17811 15247 2565 

Protein-export membrane 

protein SecD (TC 

(Transporter classification) 

3.A.5.1.1) 

Unknown 

CDS contig00004 18837 17878 960 
Holliday junction DNA 

helicase RuvB 
Unknown 

CDS contig00004 19423 18812 612 
Holliday junction DNA 

helicase RuvA 
Unknown 

CDS contig00004 19583 20350 768 Hypothetical protein Unknown 

RNA contig00004 20466 20393 74 tRNA-Gly-TCC Unknown 

CDS contig00004 21332 23371 2040 
N6 DNA methylase family 

protein 
Unknown 

CDS contig00004 23500 23976 477 

Hypothetical protein 

restriction enzyme, beta 

subunit 

Unknown 

CDS contig00004 23966 24445 480 
Putative Type II restriction 

enzyme 
Unknown 

CDS contig00006 8891 147 8745 Hypothetical protein Unknown 

CDS contig00006 9083 9736 654 Hypothetical protein Unknown 

CDS contig00006 9742 10821 1080 Hypothetical protein Unknown 

CDS contig00006 11361 10846 516 AbiQ-like protein Unknown 

CDS contig00006 11934 11707 228 Hypothetical protein Unknown 

CDS contig00006 11996 12124 129 Hypothetical protein Unknown 

CDS contig00007 43 1215 1173 

Restriction modification 

system DNA specificity 

domain 

Unknown 

CDS contig00007 2358 1273 1086 Aminopeptidase Unknown 

CDS contig00007 2429 4780 2352 
Normocyte-binding protein 

1 
Unknown 

CDS contig00007 5691 4807 885 

Phosphoenolpyruvate-

dependent sugar 

phosphotransferase system, 

EIIA2 famliy protein 

Unknown 

CDS contig00007 6440 5799 642 Cell division protein FtsK Unknown 

CDS contig00007 6784 6506 279 Hypothetical protein Unknown 

CDS contig00007 15344 6795 8550 
Viral A-type inclusion 

protein 
Unknown 

CDS contig00007 23880 15358 8523 
Viral A-type inclusion 

protein 
Unknown 

CDS contig00007 39636 24271 15366 Hypothetical protein Unknown 

CDS contig00007 40903 40259 645 

Chromate ion transporter 

(CHR) family, putative 

membrane protein 

Unknown 

CDS contig00007 41027 41173 147 Hypothetical protein Unknown 

CDS contig00007 42328 41480 849 

Methionyl-tRNA 

formyltransferase (EC 

2.1.2.9) 

Folate Biosynthesis 

CDS contig00007 43230 42328 903 Putative DNA helicase Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00007 44221 43211 1011 Hypothetical protein Unknown 

CDS contig00007 44840 44262 579 
Adenosylcobinamide-

phosphate synthase 
Unknown 

CDS contig00007 45706 44816 891 
DNA polymerase I (EC 

2.7.7.7) 
Unknown 

CDS contig00007 48665 45696 2970 
DNA polymerase III alpha 

subunit (EC 2.7.7.7) 
Unknown 

CDS contig00007 51697 48740 2958 
M-protein repeat family 

protein 
Unknown 

CDS contig00007 52975 51995 981 
Aspartate--ammonia ligase 

(EC 6.3.1.1) 

Glutamine, Glutamate, 

Aspartate and Asparagine 

Biosynthesis 

CDS contig00007 54516 53053 1464 MG2+ ion transporter Unknown 

CDS contig00007 55104 54532 573 
Uncharacterized protein 

MG105 
Unknown 

CDS contig00007 55338 55108 231 Hypothetical protein Unknown 

CDS contig00007 55435 56619 1185 
Phosphoglycerate kinase 

(EC 2.7.2.3) 

Glycolysis and 

Gluconeogenesis 

CDS contig00007 59699 56694 3006 Hypothetical protein Unknown 

CDS contig00007 61982 59715 2268 Prolipoprotein Unknown 

CDS contig00007 63373 62006 1368 
ATP synthase F1 beta 

subunit (EC 3.6.3.14) 
Unknown 

CDS contig00007 64905 63373 1533 

ATP synthase alpha/beta 

family, nucleotide binding 

protein (EC 3.6.3.14) 

Unknown 

CDS contig00007 67147 64907 2241 
Conserved hypothetical 

protein 
Unknown 

CDS contig00007 68503 67586 918 
Conserved hypothetical 

protein 
Unknown 

CDS contig00007 69015 68494 522 Hypothetical protein Unknown 

CDS contig00007 70438 69002 1437 Putative membrane protein  Unknown 

CDS contig00007 73490 70431 3060 
Fibronectin, type III 

domain protein 
Unknown 

CDS contig00007 75796 73499 2298 Prolipoprotein Unknown 

CDS contig00007 76226 75999 228 Hypothetical protein Unknown 

CDS contig00007 79770 76381 3390 
ABC transporter ATP 

binding protein 
Unknown 

CDS contig00007 80054 79770 285 Hypothetical protein Unknown 

CDS contig00007 80199 81038 840 
Conserved hypothetical 

protein 
Unknown 

CDS contig00007 81127 82422 1296 
Glucose-6-phosphate 

isomerase (EC 5.3.1.9) 

Glycolysis and 

Gluconeogenesis, 

Formaldehyde 

assimilation: Ribulose 

monophosphate pathway 

CDS contig00007 83255 82464 792 Hypothetical protein Unknown 

CDS contig00007 83380 83739 360 Hypothetical protein Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00007 83970 84278 309 

Branched-chain amino acid 

transport system permease 

protein LivM (TC 

3.A.1.4.1) 

Unknown 

CDS contig00007 84278 84586 309 Hypothetical protein Unknown 

CDS contig00007 84586 86070 1485 

PTS (Phosphotransferase 

system), cellobiose-specific 

IIC component (EC 

2.7.1.69) 

Unknown 

CDS contig00008 513 1 513 
Beta-phosphoglucomutase 

(EC 5.4.2.6) 
Unknown 

CDS contig00008 2882 513 2370 

Maltose phosphorylase (EC 

2.4.1.8) / Trehalose 

phosphorylase (EC 

2.4.1.64) 

Trehalose Uptake and 

Utilization, Trehalose 

Biosynthesis 

CDS contig00008 4532 2892 1641 
Trehalose-6-phosphate 

hydrolase (EC 3.2.1.93) 

Trehalose Uptake and 

Utilization 

CDS contig00008 6547 4532 2016 Pullulanase (EC 3.2.1.41) Unknown 

CDS contig00008 7346 6681 666 Hypothetical protein Unknown 

CDS contig00008 8460 7474 987 

Glycerol-3-phosphate 

dehydrogenase [NAD(P)+] 

(EC 1.1.1.94) 

Glutaredoxins, 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria, 

Glycerol and Glycerol-3-

phosphate Uptake and 

Utilization 

RNA contig00008 8593 8519 75 tRNA-SeC-TCA Unknown 

CDS contig00008 8693 8944 252 Hypothetical protein Unknown 

CDS contig00008 9062 9256 195 Ribosomal protein L28 Ribosome LSU bacterial 

CDS contig00008 11238 9322 1917 
Topoisomerase IV  subunit 

B (EC 5.99.1.-) 

DNA topoisomerases, 

Type II, ATP-dependent, 

Resistance to 

fluoroquinolones 

CDS contig00008 13994 11268 2727 
Cation-transporting p-type 

ATPase 
Unknown 

CDS contig00008 14349 13978 372 
Kef - ion channel family 

protein 
Unknown 

CDS contig00008 14390 14653 264 Hypothetical protein Unknown 

CDS contig00008 15060 15656 597 
Guanylate kinase (EC 

2.7.4.8) 
Purine conversions 

CDS contig00008 15646 16410 765 

Protein serine/threonine 

phosphatase PrpC, 

regulation of stationary 

phase 

Unknown 

CDS contig00008 16403 17392 990 

Serine/threonine protein 

kinase PrkC, regulator of 

stationary phase 

Unknown 

CDS contig00008 17386 18252 867 
Ribosome small subunit-

stimulated GTPase EngC 
Universal GTPases 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00008 18239 18913 675 
Ribulose-phosphate 3-

epimerase (EC 5.1.3.1) 

Pentose phosphate 

pathway, Formaldehyde 

assimilation: Ribulose 

monophosphate pathway 

CDS contig00008 19015 19623 609 

tRNA (guanine46-N7-)-

methyltransferase (EC 

2.1.1.33) 

Unknown 

CDS contig00008 19630 20100 471 

Peptide methionine 

sulfoxide reductase MsrA 

(EC 1.8.4.11) 

Peptide methionine 

sulfoxide reductase 

CDS contig00008 20581 20144 438 Hypothetical protein Unknown 

CDS contig00008 22971 20581 2391 

Oligopeptide ABC 

transporter ATP-binding 

protein OppF 

Unknown 

CDS contig00008 24022 22964 1059 

Oligopeptide ABC 

transporter ATP-binding 

protein OppD  

Unknown 

CDS contig00008 25364 24033 1332 

Oligopeptide transport 

system permease protein 

OppC (TC 3.A.1.5.1) 

Unknown 

CDS contig00008 26542 25364 1179 

Oligopeptide transport 

system permease protein 

OppB (TC 3.A.1.5.1) 

Unknown 

CDS contig00008 29669 26673 2997 
Intrinsic membrane protein 

P100 
Unknown 

CDS contig00008 31528 29687 1842 Oligoendopeptidase F Unknown 

CDS contig00008 32063 35140 3078 

Type I restriction-

modification system, 

restriction subunit R (EC 

3.1.21.3) 

Restriction-Modification 

System, Type I 

Restriction-Modification 

CDS contig00008 35731 35180 552 
Thymidine kinase (EC 

2.7.1.21) 
Folate Biosynthesis 

CDS contig00008 36702 35734 969 Mgp-operon protein 1 Unknown 

CDS contig00008 38065 36704 1362 
Cytosol aminopeptidase 

PepA  (EC 3.4.11.1) 
Aminopeptidases 

CDS contig00008 38956 38222 735 
Triosephosphate isomerase 

(EC 5.3.1.1) 

Glycolysis and 

Gluconeogenesis 

CDS contig00008 39419 39117 303 Hypothetical protein Unknown 

CDS contig00008 39982 39419 564 
Translation elongation 

factor P 
Unknown 

CDS contig00008 40952 40206 747 
Methylase of polypeptide 

chain release factors 
Unknown 

CDS contig00008 42033 40954 1080 
Peptide chain release factor 

1 
Glutaredoxins 

CDS contig00008 42633 42259 375 Hypothetical protein Unknown 

CDS contig00008 43114 42626 489 
Conserved hypothetical 

protein 
Unknown 

CDS contig00008 43587 43114 474 
Conserved hypothetical 

protein 
Unknown 

CDS contig00008 43763 44707 945 Hypothetical protein Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00008 44734 45558 825 
Endonuclease IV (EC 

3.1.21.2) 
DNA repair, bacterial 

CDS contig00008 45616 47265 1650 Zn-dependent hydrolase Unknown 

CDS contig00008 47268 48836 1569 Hypothetical protein Unknown 

CDS contig00008 48941 49189 249 DedA protein 
Uptake of selenate and 

selenite 

CDS contig00008 49929 49222 708 Putative membrane protein Unknown 

CDS contig00008 50672 49929 744 Putative membrane protein Unknown 

CDS contig00008 52062 50674 1389 
Hypothetical membrane 

protein 
Unknown 

CDS contig00008 52179 53366 1188 
Phosphopentomutase (EC 

5.4.2.7) 

Deoxyribose and 

Deoxynucleoside 

Catabolism 

CDS contig00008 53558 54523 966 Mgp-operon protein 1 Unknown 

CDS contig00009 1565 72 1494 
Sugar specific permease, 

SgaT/UlaA family protein 
Unknown 

CDS contig00009 1850 1575 276 

Putative sugar 

phosphotransferase 

component II B 

Unknown 

CDS contig00009 2306 1854 453 

Putative PTS system 

enzyme IIA component 

(EC 2.7.1.69) 

Unknown 

CDS contig00009 2606 2310 297 Hypothetical protein Unknown 

CDS contig00009 3275 2607 669 Putative membrane protein Unknown 

CDS contig00009 3883 3275 609 Cell division protein FtsK Unknown 

CDS contig00009 4529 3873 657 
Ribulose-phosphate 3-

epimerase family protein 
Unknown 

CDS contig00009 5789 4713 1077 

Type I Restriction/ 

Modification system 

specificity subunit 

Unknown 

CDS contig00010 1553 72 1482 Lipoprotein Unknown 

CDS contig00010 1998 1561 438  Methyltransferase RlmH  

NAD and NADP cofactor 

biosynthesis global, 

Ribosome biogenesis 

bacterial 

CDS contig00010 3820 1988 1833 

tRNA uridine 5-

carboxymethylaminomethyl 

modification enzyme GidA 

Unknown 

CDS contig00010 3958 4752 795 
NAD synthetase (EC 

6.3.1.5) 

NAD and NADP cofactor 

biosynthesis global 

CDS contig00010 4765 5490 726 
Conserved hypothetical 

protein 
Unknown 

CDS contig00010 5495 6550 1056 
ZIP Zinc transporter family 

protein 
Unknown 

CDS contig00010 7908 6700 1209 
Cell division protein FtsZ 

(EC 3.4.24.-) 
Unknown 

CDS contig00010 9047 7920 1128 Hypothetical protein Unknown 

CDS contig00010 10014 9088 927 
rRNA small subunit 

methyltransferase H 
Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00010 10444 10007 438 Protein MraZ Unknown 

CDS contig00010 10740 11102 363 SSU ribosomal protein S6p Unknown 

CDS contig00010 11117 11671 555 
Single-stranded DNA-

binding protein 
DNA repair, bacterial 

CDS contig00010 11688 11942 255 SSU ribosomal protein S18 Unknown 

CDS contig00010 12265 11993 273 HsdS Unknown 

CDS contig00011 606 52 555 
Inorganic pyrophosphatase 

(EC 3.6.1.1) 
Phosphate metabolism 

CDS contig00011 1709 672 1038 

Type I restriction-

modification system, 

specificity subunit S (EC 

3.1.21.3) 

Restriction-Modification 

System, Type I 

Restriction-Modification 

CDS contig00012 581 249 333 
Modification methylase 

EcoRI  (EC 2.1.1.72) 
Unknown 

CDS contig00012 1877 774 1104 Chaperone protein DnaJ Unknown 

CDS contig00012 2476 1982 495 Hypothetical protein Unknown 

CDS contig00012 2794 4170 1377 

ABC transporter family 

protein PotA (TC 

3.A.1.11.1) 

Unknown 

CDS contig00012 4154 4987 834 

Binding protein dependent 

transport system inner 

membrane component 

family protein PotB (TC 

3.A.1.11.1) 

Unknown 

CDS contig00012 4980 5846 867 

Binding protein dependent 

transport system inner 

membrane component 

family protein PotC (TC 

3.A.1.11.1) 

Unknown 

CDS contig00012 5834 7738 1905 
ABC transporter substrate 

binding protein PotD 
Unknown 

CDS contig00012 7750 9561 1812 Lipoprotein Unknown 

CDS contig00012 9631 9891 261 
SSU ribosomal protein S20 

family protein 
Unknown 

CDS contig00012 10482 11252 771 
ATP synthase A chain (EC 

3.6.3.14) 
Unknown 

CDS contig00012 11267 11575 309 
ATP synthase C chain (EC 

3.6.3.14) 
Unknown 

CDS contig00012 11650 12141 492 
ATP synthase B chain (EC 

3.6.3.14) 
Unknown 

CDS contig00012 12141 12698 558 
ATP synthase delta chain 

(EC 3.6.3.14) 
Unknown 

CDS contig00012 12688 14271 1584 
ATP synthase alpha chain 

(EC 3.6.3.14) 
Unknown 

CDS contig00012 14273 15127 855 
ATP synthase gamma chain 

(EC 3.6.3.14)  
Unknown 

CDS contig00012 15140 16540 1401 
ATP synthase beta chain 

(EC 3.6.3.14) 
Unknown 
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Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00012 16533 16955 423 
ATP synthase epsilon chain 

(EC 3.6.3.14) 
Unknown 

CDS contig00012 17127 18707 1581 Putative lipoprotein Unknown 

CDS contig00012 18884 21082 2199 Hypothetical protein Unknown 

CDS contig00012 21404 30241 8838 Hypothetical protein Unknown 

CDS contig00012 31034 30267 768 
Methyltransferase domain 

protein 
Unknown 

CDS contig00012 31674 31078 597 
Flavodoxin-like fold family 

protein 
Unknown 

CDS contig00012 31819 33312 1494 Hypothetical protein Unknown 

CDS contig00012 34500 33622 879 
Translation elongation 

factor Ts 
Unknown 

CDS contig00012 35357 34503 855 SSU ribosomal protein S2 Unknown 

CDS contig00012 35777 36382 606 
Conserved hypothetical 

protein 
Unknown 

CDS contig00012 36375 37379 1005 
Conserved hypothetical 

protein 
Unknown 

CDS contig00012 38846 37428 1419 
ATP-dependent DNA 

helicase RecG (EC 3.6.1.-) 
Unknown 

CDS contig00013 571 134 438 Putative prophage protein  Unknown 

CDS contig00013 1750 752 999 

Nicotinate 

phosphoribosyltransferase 

(EC 2.4.2.11) 

NAD and NADP cofactor 

biosynthesis global 

CDS contig00013 2365 1889 477 Hypothetical protein Unknown 

CDS contig00013 3869 2367 1503 
DNA recombination protein 

RmuC 
Unknown 

CDS contig00013 4198 3878 321 Hypothetical protein Unknown 

CDS contig00013 4392 10298 5907 Hypothetical protein Unknown 

CDS contig00013 10626 10796 171 
Ribbon helix-helix protein, 

CapG family protein 
Unknown 

CDS contig00013 10943 12922 1980 
Phosphoesterase, DHH 

family protein 
Unknown 

CDS contig00013 12903 13364 462 LSU ribosomal protein L9 Ribosome LSU bacterial 

CDS contig00013 13556 14839 1284 
Replicative DNA helicase 

(EC 3.6.1.-) 
Unknown 

CDS contig00013 14907 16133 1227 Hemolysin C Unknown 

CDS contig00013 17768 16167 1602 

Potassium uptake protein, 

integral membrane 

component, KtrB 

Unknown 

CDS contig00013 18677 17832 846 Hypothetical protein Unknown 

CDS contig00013 18751 19662 912 
transcriptional 

repressor/ROK family 
Unknown 

CDS contig00013 19652 20251 600 
Ribonuclease HII (EC 

3.1.26.4) 
Ribonuclease H 

CDS contig00013 22220 20274 1947 
Metallo-beta-lactamase 

family protein 
Unknown 
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sequence 
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(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00013 22842 22357 486 

Phosphoenolpyruvate- 

dependent sugar 

phosphotransferase system 

EIIA2 family protein (EC 

2.7.1.69) 

Unknown 

CDS contig00013 23687 22851 837 
Deoxyribose-phosphate 

aldolase  
Unknown 

CDS contig00013 25405 23759 1647 Hypothetical protein Unknown 

CDS contig00013 27567 25405 2163 
ATP-dependent DNA 

helicase UvrD/PcrA 

DNA repair, bacterial 

UvrD and related 

helicases 

CDS contig00013 28216 27569 648 Putative membrane protein Unknown 

CDS contig00013 29229 28216 1014 Glycosyltransferase Unknown 

CDS contig00013 29365 30162 798 

ATPase component of 

general energizing module 

of ECF (extracellular fluid) 

transporters 

Folate Biosynthesis 

CDS contig00013 30153 31298 1146 

ATPase component of 

general energizing module 

of ECF transporters 

Folate Biosynthesis 

CDS contig00013 31291 32295 1005 

Transmembrane component 

of general energizing 

module of ECF transporters 

Folate Biosynthesis 

CDS contig00013 32702 32325 378 Hypothetical protein Unknown 

CDS contig00013 34823 32712 2112 

Transcription accessory 

protein (S1 RNA-binding 

domain) 

Unknown 

CDS contig00013 35566 34823 744 
Nuclease related domain 

protein 
Unknown 

CDS contig00013 35665 36882 1218 ATPase, AAA family Unknown 

CDS contig00013 36892 37845 954 

Phenylalanyl-tRNA 

synthetase alpha chain (EC 

6.1.1.20) 

tRNA aminoacylation, 

Phe 

CDS contig00013 37835 38494 660 Uracil-DNA glycosylase Unknown 

CDS contig00013 38502 40688 2187 

Phenylalanyl-tRNA 

synthetase beta chain (EC 

6.1.1.20) 

tRNA aminoacylation, 

Phe 

CDS contig00013 40695 41969 1275 

Serine 

hydroxymethyltransferase 

(EC 2.1.2.1) 

Folate Biosynthesis, 

Glycine Biosynthesis, 

Serine Biosynthesis 

CDS contig00013 42682 42110 573 Hypothetical protein Unknown 

CDS contig00013 43818 42802 1017 

Adenine-specific 

methyltransferase (EC 

2.1.1.72) 

Unknown 

CDS contig00013 43882 45675 1794 
Excinuclease ABC  subunit 

C 

DNA repair, UvrABC 

system 

CDS contig00013 45861 46577 717 
Uridylate kinase (EC 2.7.4.-

) 
Unknown 

CDS contig00013 46577 47128 552 Ribosome recycling factor Unknown 
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function 

CDS contig00013 47219 48481 1263  GTP-binding protein Obg Universal GTPases 

CDS contig00013 48715 49302 588 
LSU ribosomal protein 

L11p  
Ribosome LSU bacterial 

CDS contig00013 49305 50000 696 LSU ribosomal protein L1p  Ribosome LSU bacterial 

CDS contig00013 50211 51809 1599 
PTS system sucrose-

specific IIABC component 
Unknown 

CDS contig00013 51855 54287 2433 Fructokinase (EC 2.7.1.4) Unknown 

CDS contig00013 55483 54533 951 Endonuclease I Unknown 

CDS contig00013 57863 55581 2283 Hypothetical protein Unknown 

CDS contig00013 58722 57850 873 Expressed protein Unknown 

CDS contig00013 59354 58722 633 Hypothetical protein Unknown 

CDS contig00013 61310 59487 1824 
DNA topoisomerase I (EC 

5.99.1.2) 
Unknown 

CDS contig00013 62043 61333 711 

Ribosomal small subunit 

pseudouridine synthase A 

(EC 4.2.1.70) 

Unknown 

CDS contig00013 63118 62045 1074 Hypothetical protein Unknown 

CDS contig00013 63836 63093 744 

Ribosomal large subunit 

pseudouridine synthase B 

(EC 4.2.1.70) 

Unknown 

CDS contig00013 64936 63839 1098 

Nicotinate-nucleotide 

adenylyltransferase (EC 

2.7.7.18) / Hydrolase (HAD 

(haloacid dehalogenase) 

superfamily), YqeK 

NAD and NADP cofactor 

biosynthesis global, NAD 

and NADP cofactor 

biosynthesis global 

CDS contig00013 66192 64936 1257 
DNA polymerase IV (EC 

2.7.7.7) 
DNA repair, bacterial 

CDS contig00013 66607 66182 426 
Iron-sulfur cluster assembly 

scaffold protein IscU 
Unknown 

CDS contig00013 67760 66597 1164 
Cysteine desulfurase (EC 

2.8.1.7) , SufS subfamily 
Unknown 

CDS contig00013 68203 67760 444 Hypothetical protein Unknown 

CDS contig00013 68630 68187 444 Hypothetical protein Unknown 

CDS contig00013 69560 68643 918 

Aldehyde dehydrogenase 

(EC 1.2.1.3); Probable 

coniferyl aldehyde 

dehydrogenase (EC 

1.2.1.68) 

Pyruvate metabolism II: 

acetyl-CoA, acetogenesis 

from pyruvate, 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00013 70046 69624 423 Hypothetical protein Unknown 

CDS contig00013 71799 70213 1587 Putative lipoprotein Unknown 

CDS contig00014 1654 98 1557 
Divergent AAA domain 

protein 
Unknown 

CDS contig00014 9689 1812 7878 Hypothetical protein Unknown 

CDS contig00014 10687 9707 981 Hypothetical protein Unknown 

CDS contig00014 13431 10705 2727 Putative lipoprotein Unknown 
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Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00014 16474 13856 2619 

Glucose-specific 

phosphotransferase enzyme 

IIA component (EC 

2.7.1.69) 

Unknown 

CDS contig00014 17744 17073 672 Putative membrane protein Unknown 

CDS contig00014 17773 19479 1707 Hypothetical protein Unknown 

CDS contig00014 21376 19538 1839 
ABC transporter ATP-

binding protein 
Unknown 

CDS contig00014 23171 21384 1788 Hypothetical protein Unknown 

CDS contig00014 23707 23171 537 

Hypoxanthine-guanine 

phosphoribosyltransferase 

(EC 2.4.2.8) 

Purine conversions 

CDS contig00014 24333 23707 627 

Uracil 

phosphoribosyltransferase 

(EC 2.4.2.9) 

Unknown 

CDS contig00014 24535 25911 1377 
Cytosol aminopeptidase 

PepA  (EC 3.4.11.1) 
Aminopeptidases 

CDS contig00014 33484 25988 7497 Hypothetical protein Unknown 

CDS contig00014 44187 33514 10674 
Lipoprotein associated 

domain protein 
Unknown 

CDS contig00014 45410 44583 828 
Glycerol uptake facilitator 

protein 

Osmoregulation, Glycerol 

and Glycerol-3-phosphate 

Uptake and Utilization 

CDS contig00014 46939 45419 1521 
Glycerol kinase (EC 

2.7.1.30) 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria, 

Glycerol and Glycerol-3-

phosphate Uptake and 

Utilization 

CDS contig00014 48113 46962 1152 
Glycerol-3-phosphate 

dehydrogenase (EC 1.1.5.3) 

Respiratory 

dehydrogenases 1, 

Glycerol and Glycerol-3-

phosphate Uptake and 

Utilization 

CDS contig00014 48762 48283 480 
Transcription elongation 

factor GreA 
Unknown 

CDS contig00014 49453 48800 654 Hypothetical protein Unknown 

CDS contig00014 49991 49455 537 
Putative Holliday junction 

resolvase  
Unknown 

CDS contig00014 52609 49991 2619 
Alanyl-tRNA synthetase 

(EC 6.1.1.7) 

tRNA aminoacylation, 

Ala 

CDS contig00014 53729 52617 1113 

tRNA (5-

methylaminomethyl- 2-

thiouridylate)- 

methyltransferase  

Unknown 

CDS contig00014 54249 53896 354 LSU ribosomal protein L20 Ribosome LSU bacterial 

CDS contig00014 54500 54312 189 LSU ribosomal protein L35 Ribosome LSU bacterial 

CDS contig00014 55092 54502 591 
Translation initiation factor 

3 
Unknown 

CDS contig00014 55959 55393 567 Hypothetical protein Unknown 
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Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00014 56659 55949 711 

TrmH family tRNA/rRNA 

methyltransferase YacO 

(EC 2.1.1.-) 

Conserved gene cluster 

possibly involved in RNA 

metabolism 

CDS contig00014 57935 56706 1230 
Cysteinyl-tRNA synthetase 

(EC 6.1.1.16) 

Conserved gene cluster 

possibly involved in RNA 

metabolism, tRNA 

aminoacylation, Cys 

CDS contig00014 58009 59664 1656 
Arginyl-tRNA synthetase 

(EC 6.1.1.19) 

tRNA aminoacylation, 

Arg 

CDS contig00014 59668 61233 1566 
Amino acid permease 

family protein 
Unknown 

CDS contig00014 61323 63338 2016 
Peptidase family S41 

family protein 
Unknown 

CDS contig00014 63881 63381 501 
Thiol peroxidase, Tpx-type 

(EC 1.11.1.15) 
Unknown 

CDS contig00014 64377 63883 495 
Putative DNase/RNase 

endonuclease (EC 3.1.31.1) 
Unknown 

CDS contig00014 64439 64654 216 Hypothetical protein Unknown 

CDS contig00014 65343 64678 666 
Deoxyribose-phosphate 

aldolase (EC 4.1.2.4) 

Deoxyribose and 

Deoxynucleoside 

Catabolism 

CDS contig00014 66647 65352 1296 
Pyrimidine-nucleoside 

phosphorylase (EC 2.4.2.2) 

Deoxyribose and 

Deoxynucleoside 

Catabolism 

CDS contig00014 67359 66655 705 
Purine nucleoside 

phosphorylase (EC 2.4.2.1) 

Deoxyribose and 

Deoxynucleoside 

Catabolism, Purine 

conversions 

CDS contig00015 79 954 876 Integral membrane protein Unknown 

CDS contig00015 1105 3171 2067 

DNA polymerase III 

subunits gamma and tau 

(EC 2.7.7.7) 

Unknown 

CDS contig00015 3174 3458 285 
Conserved hypothetical 

protein 
Unknown 

CDS contig00015 3458 4042 585 
RecR family protein DNA 

repair protein 
Unknown 

CDS contig00015 4053 4709 657 
Thymidylate kinase (EC 

2.7.4.9) 
Unknown 

CDS contig00015 4696 5625 930 
DNA polymerase III 

subunit delta 
Unknown 

CDS contig00015 5618 6331 714 
rRNA small subunit 

methyltransferase I 
Unknown 

CDS contig00015 6483 6782 300 LSU ribosomal protein L21 Ribosome LSU bacterial 

CDS contig00015 6790 7050 261 LSU ribosomal protein L27 Ribosome LSU bacterial 

CDS contig00015 7807 7082 726 
DNA processing protein 

smf 
Unknown 

CDS contig00015 8012 9049 1038 

Fermentative 

lactatedehydrogenase (EC 

1.1.1.28) 

Fermentations: Lactate 

CDS contig00015 9051 9992 942 
Major intrinsic protein 

(MIP) family  
Unknown 
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Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00015 12156 10078 2079 Hypothetical protein Unknown 

CDS contig00015 12307 12480 174 Hypothetical protein Unknown 

CDS contig00015 13828 12536 1293 Hypothetical protein Unknown 

CDS contig00015 14762 13821 942 
DNA polymerase III delta 

subunit 
Unknown 

CDS contig00015 15876 14770 1107 
ComEC / Rec2-related 

domain protein 
Unknown 

CDS contig00015 16475 16002 474 Hypothetical protein Unknown 

CDS contig00015 16894 17250 357 Hypothetical protein Unknown 

CDS contig00015 17231 18454 1224 
Glucose-6-phosphate 

isomerase B 
Unknown 

RNA contig00015 18480 18564 85 tRNA-Leu-AAG Unknown 

CDS contig00015 18899 20830 1932 Hypothetical protein Unknown 

CDS contig00015 22328 20919 1410 Hypothetical protein Unknown 

CDS contig00015 23316 22465 852 Hypothetical protein Unknown 

CDS contig00015 24242 23316 927 

Ribosomal large subunit 

pseudouridine synthase D 

(EC 4.2.1.70) 

Ribosome biogenesis 

bacterial 

CDS contig00015 24352 24606 255 SSU ribosomal protein S16 Unknown 

CDS contig00015 24606 25289 684 

tRNA (Guanine37-N1) -

methyltransferase (EC 

2.1.1.31) 

Ribosome biogenesis 

bacterial 

CDS contig00015 25279 25632 354 LSU ribosomal protein L19 Ribosome LSU bacterial 

CDS contig00015 25945 25673 273 Hypothetical protein Unknown 

CDS contig00015 27167 26058 1110 Hypothetical protein Unknown 

CDS contig00015 27564 27172 393 Hypothetical protein Unknown 

CDS contig00015 29129 27693 1437 
Prolyl-tRNA synthetase 

(EC 6.1.1.9) 

tRNA aminoacylation, 

Pro 

CDS contig00015 29207 30106 900 Hypothetical protein Unknown 

CDS contig00015 30206 32713 2508 Valyl-tRNA synthetase 
tRNA aminoacylation, 

Val 

CDS contig00015 32686 33525 840 

Methylenetetrahydrofolate 

dehydrogenase (NADP+) 

(EC 1.5.1.5) / 

Methenyltetrahydrofolate 

cyclohydrolase (EC 3.5.4.9) 

One-carbon metabolism 

by tetrahydropterines, 

One-carbon metabolism 

by tetrahydropterines, 

Folate Biosynthesis 

CDS contig00015 33566 34789 1224 
Membrane nuclease A 

lipoprotein 
Unknown 

CDS contig00015 34789 35550 762 Choline kinase family Unknown 

CDS contig00015 35703 35912 210 

Uncharacterized protein 

family UPF0029 family 

protein 

Unknown 

CDS contig00015 36185 36682 498 LSU ribosomal protein L10  Ribosome LSU bacterial 

CDS contig00015 36714 37079 366 
LSU ribosomal protein 

L7/L12  
Unknown 

CDS contig00015 37252 40854 3603 

DNA-directed RNA 

polymerase beta subunit 

(EC 2.7.7.6) 

RNA polymerase 

bacterial 
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Annotated gene 
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CDS contig00015 40847 45298 4452 

DNA-directed RNA 

polymerase beta subunit 

(EC 2.7.7.6) 

RNA polymerase 

bacterial 

CDS contig00015 45557 50572 5016 Hypothetical protein Unknown 

CDS contig00015 50885 54136 3252 Hypothetical protein Unknown 

CDS contig00015 54145 62736 8592 Hypothetical protein Unknown 

RNA contig00015 62854 62929 76 tRNA-His-GTG Unknown 

CDS contig00015 62994 64094 1101 
GTP-binding and nucleic 

acid-binding protein EngD 
Universal GTPases 

RNA contig00015 64113 64186 74 tRNA-Trp-CCA tRNAs 

CDS contig00015 64320 64787 468 
Pseudogene of RecU (N-

terminal part) 
Unknown 

CDS contig00015 65064 64789 276 
Integration host factor 

alpha subunit 

DNA structural proteins, 

bacterial 

CDS contig00015 65233 67812 2580 
Topoisomerase IV subunit 

A (EC 5.99.1.-) 
Unknown 

CDS contig00015 67802 69115 1314 
RNA methyltransferase, 

TrmA family 
Unknown 

CDS contig00015 70390 69833 558 
ATP-dependent DNA 

helicase 
Unknown 

CDS contig00015 71458 70595 864 
ATP-dependent DNA 

helicase 
Unknown 

CDS contig00015 71771 72772 1002 

NAD-dependent 

glyceraldehyde-3-

phosphate dehydrogenase 

(EC 1.2.1.12) 

Glutaredoxins, Glycolysis 

and Gluconeogenesis 

CDS contig00015 73094 72846 249 
Conserved hypothetical 

protein 
Unknown 

CDS contig00015 74487 73198 1290 
Putative ABC transporter 

permease protein 
Unknown 

CDS contig00015 75189 74503 687 

Acyl-phosphate:glycerol-3-

phosphate O-

acyltransferase PlsY 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00015 75228 75554 327 Hypothetical protein Unknown 

RNA contig00015 75708 75634 75 tRNA-Gln-TTG Unknown 

RNA contig00015 75795 75712 84 tRNA-Tyr-GTA Unknown 

CDS contig00017 41 1132 1092 

Outer surface protein of 

unknown function, 

cellobiose operon 

Unknown 

CDS contig00017 1119 2252 1134 
Anhydro-N-acetylmuramic 

acid kinase (EC 2.7.1.-) 

Recycling of 

Peptidoglycan Amino 

Sugars 

CDS contig00026 6762 169 6594 Putative lipoprotein Unknown 

CDS contig00026 7173 9131 1959 
DNA gyrase subunit B (EC 

5.99.1.3) 

DNA topoisomerases, 

Type II, ATP-dependent, 

Resistance to 

fluoroquinolones 

CDS contig00029 96 644 549 
Peptide deformylase (EC 

3.5.1.88) 
Unknown 

CDS contig00029 664 1971 1308 Hypothetical protein Unknown 
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Length 

(bp) 
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CDS contig00029 4172 2082 2091 
Translation elongation 

factor-G 

Translation elongation 

factor G family, Universal 

GTPases 

CDS contig00029 4658 4188 471 SSU ribosomal protein S7 Unknown 

CDS contig00029 5132 4719 414 SSU ribosomal protein S12 Unknown 

CDS contig00029 5690 5463 228 Hypothetical protein Unknown 

CDS contig00029 10455 5695 4761 

DNA directed RNA 

polymerase, omega subunit 

family protein 

RNA polymerase 

bacterial 

CDS contig00029 14420 10884 3537 Hypothetical protein Unknown 

CDS contig00029 23101 14429 8673 Hypothetical protein Unknown 

CDS contig00029 30164 23283 6882 Hypothetical protein Unknown 

CDS contig00029 30383 30165 219 

Phosphopantetheine 

attachment site family 

protein 

Unknown 

CDS contig00029 30465 32672 2208 Hypothetical protein Unknown 

CDS contig00029 33469 32705 765 
Dimethyladenosine 

transferase (EC 2.1.1.-) 

Ribosome biogenesis 

bacterial 

CDS contig00029 34260 33469 792 
Putative deoxyribonuclease 

YcfH 
YcfH 

CDS contig00029 35618 34260 1359 
tRNA modification GTPase 

TrmE 
Universal GTPases 

CDS contig00029 36299 35625 675 

Ribosomal RNA small 

subunit methyltransferase E 

(EC 2.1.1.-) 

Unknown 

CDS contig00029 36432 37076 645 
Pseudogene of Hypothetical 

protein (C-terminalpart) 
Unknown 

CDS contig00029 37394 37098 297 Thioredoxin Unknown 

CDS contig00029 37754 37404 351 Thioredoxin Unknown 

CDS contig00029 37897 38454 558 
Peptidyl-tRNA hydrolase 

(EC 3.1.1.29) 

Sporulation-associated 

proteins with broader 

function 

CDS contig00029 38456 39310 855 
tRNA(Ile)-lysidine 

synthetase 
tRNA processing 

CDS contig00029 39344 41365 2022 
Cell division protein FtsH 

(EC 3.4.24.-) 
Unknown 

CDS contig00029 41464 49323 7860 Permease family protein Unknown 

CDS contig00029 49323 50210 888 
ABC transporter ATP-

binding protein 
Unknown 

CDS contig00029 50335 53586 3252 Putative lipoprotein Unknown 

CDS contig00029 54479 53655 825 Membrane nuclease Unknown 

CDS contig00029 56983 54986 1998 Putative lipoprotein Unknown 

CDS contig00029 57148 58767 1620 
ABC transporter ATP-

binding protein Uup 
Unknown 

CDS contig00029 59596 58802 795 Hypothetical protein Unknown 

CDS contig00029 60324 59596 729 Hypothetical protein Unknown 

CDS contig00029 61026 60655 372 LSU ribosomal protein L17 Ribosome LSU bacterial 
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CDS contig00029 62032 61028 1005 

DNA-directed RNA 

polymerase alpha subunit 

(EC 2.7.7.6) 

RNA polymerase 

bacterial 

CDS contig00029 62447 62061 387 SSU ribosomal protein S11  Unknown 

CDS contig00029 62818 62450 369 SSU ribosomal protein S13 Unknown 

CDS contig00029 62940 62827 114 LSU ribosomal protein L36 Ribosome LSU bacterial 

CDS contig00029 63171 62956 216 
Translation initiation factor 

1 
Unknown 

CDS contig00029 63922 63173 750 
Methionine aminopeptidase 

type 1 (EC 3.4.11.18) 
Unknown 

CDS contig00029 64627 63980 648 
Adenylate kinase (EC 

2.7.4.3) 
Purine conversions 

CDS contig00029 66027 64621 1407 
Preprotein translocase SecY 

subunit (TC 3.A.5.1.1) 
Unknown 

CDS contig00029 67106 66177 930 
Thioredoxin reductase (EC 

1.8.1.9) 

Thioredoxin-disulfide 

reductase 

CDS contig00029 68079 67099 981 

Prolipoprotein 

diacylglyceryl transferase 

(EC 2.4.99.-) 

Lipoprotein Biosynthesis 

CDS contig00029 69004 68081 924 
HPr kinase/phosphorylase 

(EC 2.7.1.-) (EC 2.7.4.-) 

HPr catabolite repression 

system 

CDS contig00029 71889 69043 2847 
Exonuclease ABC subunit 

A 

DNA repair, UvrABC 

system 

CDS contig00029 73957 71981 1977 
Exonuclease ABC subunit 

B 

DNA repair, UvrABC 

system 

RNA contig00029 74070 73994 77 tRNA-Arg-TCT Unknown 

CDS contig00029 75096 74266 831 Phosphoesterase Unknown 

CDS contig00029 76109 75135 975 RecA protein 

Competence or DNA 

damage-inducible protein 

CinA and related protein 

families, DNA repair, 

bacterial 

CDS contig00029 76465 76199 267 SSU ribosomal protein S15 Unknown 

CDS contig00029 77394 76564 831 
Riboflavin biosynthesis 

protein 
Unknown 

CDS contig00029 78212 77394 819 

HAD superfamily 

hydrolase, subfamily IIB 

family protein 

Unknown 

CDS contig00029 79054 78212 843 
tRNA pseudouridine 

synthase B (EC 4.2.1.70) 
tRNA processing 

CDS contig00029 79911 79054 858 GTP-binding protein Era Universal GTPases 

CDS contig00029 80332 79928 405 
Cytidine deaminase (EC 

3.5.4.5) 
Unknown 

CDS contig00029 80807 80340 468 Putative metalloprotease Unknown 

CDS contig00029 80984 80817 168 Hypothetical protein Unknown 

CDS contig00029 83145 81172 1974 Hypothetical protein Unknown 

CDS contig00029 83205 83651 447 
Ribose 5-phosphate 

isomerase B (EC 5.3.1.6) 

Pentose phosphate 

pathway 

CDS contig00029 84301 83669 633 
Conserved hypothetical 

protein 
Unknown 
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CDS contig00029 86246 84369 1878 Hypothetical protein Unknown 

CDS contig00029 86364 86579 216 Expressed protein Unknown 

RNA contig00029 86708 86814 107 5S RNA Unknown 

CDS contig00029 86927 89557 2631 
DNA gyrase subunit A (EC 

5.99.1.3) 

DNA topoisomerases, 

Type II, ATP-dependent, 

Resistance to 

fluoroquinolones 

CDS contig00029 89628 91160 1533 Hypothetical protein Unknown 

CDS contig00029 92311 91181 1131 
S-adenosylmethionine 

synthetase (EC 2.5.1.6) 
Unknown 

CDS contig00029 92752 92540 213 Hypothetical protein Unknown 

CDS contig00029 93866 92766 1101 
DNA polymerase III 

subunit beta subunit 
Unknown 

CDS contig00029 95412 93997 1416 
Chromosomal replication 

initiator protein DnaA 
Unknown 

CDS contig00029 95654 97822 2169 
Exodeoxyribonuclease V, 

alpha subunit 
Unknown 

CDS contig00029 97856 99130 1275 
Seryl-tRNA synthetase (EC 

6.1.1.11) 

tRNA aminoacylation, 

Ser 

CDS contig00029 99274 99420 147 LSU ribosomal protein L34 Ribosome LSU bacterial 

CDS contig00029 99573 99764 192 Hypothetical protein Unknown 

CDS contig00029 99739 101706 1968 

Inner membrane protein 

translocase component 

YidC, long form 

Unknown 

RNA contig00029 101790 101896 107 5S RNA Unknown 

CDS contig00029 102495 101935 561 Hypothetical protein Unknown 

CDS contig00029 102574 104694 2121 
Putative membrane protein 

P80 
Unknown 

CDS contig00029 104696 105946 1251 
Putative P60-like 

lipoprotein 
Unknown 

CDS contig00029 105946 106263 318 HIT-like protein Unknown 

CDS contig00029 106273 107742 1470 
Lysyl-tRNA synthetase 

(class II) (EC 6.1.1.6) 

tRNA aminoacylation, 

Lys 

CDS contig00029 107863 108603 741 
DeoR-like helix-turn-helix 

domain protein 
Unknown 

CDS contig00029 108614 110668 2055 

PTS system, fructose-

specific IIA component 

(EC 2.7.1.69) / PTS system, 

fructose-specific IIB 

component (EC 2.7.1.69) / 

PTS system, fructose-

specific IIC component (EC 

2.7.1.69) 

Fructose utilization, 

Fructose utilization, 

Fructose utilization 

CDS contig00029 110668 111582 915 

Tagatose-6-phosphate 

kinase (EC 2.7.1.144) / 1-

phosphofructokinase (EC 

2.7.1.56) 

Fructose utilization 

CDS contig00030 3048 103 2946 
Chromosome segregation 

protein Smc 

Two cell division clusters 

relating to chromosome 

partitioning 



 

98 

 

Type 
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Subsystem and / or 
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CDS contig00030 3731 3057 675 
Ribonuclease III (EC 

3.1.26.3) 

RNA processing and 

degradation, bacterial, 

Two cell division clusters 

relating to chromosome 

partitioning 

CDS contig00030 4734 3721 1014 
Fatty acid / phospholipid 

synthesis protein 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00030 6377 4734 1644 
Dihydroxyacetone kinase 

family protein 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00030 6660 6370 291 Hypothetical protein Unknown 

CDS contig00030 6741 7418 678 Hypothetical protein Unknown 

CDS contig00030 7940 7398 543 

Ribosomal RNA small 

subunit methyltransferase D 

(EC 2.1.1.-) 

Unknown 

CDS contig00030 7939 8061 123 Hypothetical protein Unknown 

CDS contig00030 8115 9206 1092 

High affinity transport 

system protein p37 

precursor 

Unknown 

CDS contig00030 9295 9918 624 
ABC transporter family 

protein 
Unknown 

CDS contig00030 9881 11539 1659 

Binding-protein-dependent 

transport system inner 

membrane component 

family protein 

Unknown 

CDS contig00030 12784 11825 960 

Branched-chain amino acid 

transport system / permease 

component family protein  

Unknown 

CDS contig00030 14372 12771 1602 

Branched-chain amino acid 

transport system / permease 

component family protein  

Unknown 

CDS contig00030 16176 14362 1815 

Unspecified 

monosaccharide ABC 

transport system, ATP-

binding protein 

Unknown 

CDS contig00030 17575 16241 1335 
ABC transporter xylose-

binding lipoprotein 
Unknown 

CDS contig00030 18769 17795 975 
6-phosphofructokinase (EC 

2.7.1.11) 

Glycolysis and 

Gluconeogenesis 

CDS contig00030 20796 18820 1977 
DNA ligase (EC 6.5.1.2) 

(NAD-dependent) 

NAD and NADP cofactor 

biosynthesis global 

CDS contig00030 21528 20851 678 

Potassium uptake protein, 

integral membrane 

component, TrkA 

Unknown 

CDS contig00030 21633 21863 231 Membrane protein Unknown 

CDS contig00030 21867 24077 2211 Ribonuclease R 
RNA processing and 

degradation, bacterial 

CDS contig00030 24052 24849 798 
Methyltransferase small 

domain protein 
Unknown 
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CDS contig00030 24842 26377 1536 
Methionyl-tRNA 

synthetase (EC 6.1.1.10) 

tRNA aminoacylation, 

Met 

CDS contig00030 26386 26670 285 Hypothetical protein Unknown 

CDS contig00030 26692 26841 150 Ribosomal protein L33 Unknown 

CDS contig00030 26841 27071 231 Hypothetical protein Unknown 

CDS contig00030 27084 27683 600 

Transcription 

antitermination protein 

NusG 

Unknown 

CDS contig00030 28414 27710 705 
Ribonuclease HIII family 

protein (EC 3.1.26.4) 
Ribonuclease H 

CDS contig00030 29315 28419 897 
Hydrolase (HAD 

superfamily) 
Unknown 

CDS contig00030 29803 29327 477 Hypothetical protein Unknown 

CDS contig00030 29990 31495 1506 

2,3-bisphosphoglycerate-

independent 

phosphoglycerate mutase 

(EC 5.4.2.1) 

Glycolysis and 

Gluconeogenesis 

RNA contig00030 31668 31595 74 tRNA-Gly-TCC Unknown 

CDS contig00030 32575 31721 855 GTP-binding protein Universal GTPases 

CDS contig00030 32816 32559 258 Hypothetical protein Unknown 

CDS contig00030 33528 32809 720 
RNA methyltransferase 

substrate binding protein 
Unknown 

CDS contig00030 35422 34115 1308 Hypothetical protein Unknown 

CDS contig00030 36008 35415 594 GTP-binding protein EngB Universal GTPases 

CDS contig00030 37203 36001 1203 Acetate kinase (EC 2.7.2.1) 

Pyruvate metabolism II: 

acetyl-CoA, acetogenesis 

from pyruvate, 

Fermentations: Lactate 

CDS contig00030 37313 37765 453 
Dihydrofolate reductase 

(EC 1.5.1.3) 

Folate Biosynthesis, 

EC49-61 

CDS contig00030 37765 38679 915 
Conserved hypothetical 

protein 
Unknown 

CDS contig00030 38689 41865 3177 Putative lipoprotein Unknown 

CDS contig00030 42936 41914 1023 Putative membrane protein Unknown 

CDS contig00030 43492 42929 564 Hypothetical protein Unknown 

CDS contig00030 43994 44821 828 
Formamidopyrimidine-

DNA glycosylase  
Unknown 

CDS contig00030 44829 45341 513 
Isochorismatase family 

protein 
Unknown 

CDS contig00030 45341 45658 318 Hypothetical protein Unknown 

CDS contig00030 45661 46746 1086 Aminopeptidase Unknown 

CDS contig00030 46793 47023 231 Hypothetical protein Unknown 

CDS contig00030 49288 47075 2214 Endonuclease I Unknown 

CDS contig00030 49638 49408 231 
Sigma-70, region 4 family 

protein 
Unknown 
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Annotated gene 
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function 

CDS contig00030 50626 49631 996 

Signal recognition particle 

receptor protein FtsY 

(alpha subunit) (TC 

3.A.5.1.1) 

Two cell division clusters 

relating to chromosome 

partitioning, Universal 

GTPases 

CDS contig00030 50946 51104 159 Hypothetical protein Unknown 

CDS contig00030 51113 51781 669 
Cytidylate kinase (EC 

2.7.4.14) 
Unknown 

CDS contig00030 51781 53085 1305 GTP-binding protein EngA Universal GTPases 

CDS contig00030 54416 53115 1302 Hypothetical protein Unknown 

CDS contig00030 56228 54510 1719 Hypothetical protein Unknown 

RNA contig00030 56471 56395 77 tRNA-Ile-GAT Unknown 

CDS contig00030 56928 56530 399 SSU ribosomal protein S9 Unknown 

CDS contig00030 57365 56931 435 LSU ribosomal protein L13 Ribosome LSU bacterial 

CDS contig00030 57398 57532 135 Hypothetical protein Unknown 

CDS contig00030 57572 60121 2550 

Protein export cytoplasm 

protein SecA ATPase RNA 

helicase (TC 3.A.5.1.1) 

Unknown 

RNA contig00030 60268 60185 84 tRNA-Leu-CAA tRNAs 

CDS contig00030 60785 60288 498 
Dimeric dUTPase (EC 

3.6.1.23) 
Unknown 

CDS contig00030 69517 60872 8646 GA module family protein Unknown 

CDS contig00030 70045 69806 240 Hypothetical protein Unknown 

RNA contig00030 70263 70349 87 tRNA-Leu-TAA Unknown 

RNA contig00030 70356 70431 76 tRNA-Lys-TTT Unknown 

CDS contig00030 70528 72417 1890 
Peptidase family M13 

family protein (EC 3.4.24.-) 
Unknown 

CDS contig00030 73455 72781 675 
Lipoprotein signal 

peptidase (EC 3.4.23.36) 

Signal peptidase, 

Lipoprotein Biosynthesis 

CDS contig00030 76126 73457 2670 
Isoleucyl-tRNA synthetase 

(EC 6.1.1.5) 
tRNA aminoacylation, Ile 

CDS contig00030 76666 76136 531 

Outer membrane 

lipoprotein SmpA, a 

component of the essential 

YaeT outer-membrane 

protein assembly complex 

Unknown 

RNA contig00030 76903 76828 76 tRNA-Phe-GAA tRNAs 

RNA contig00030 76984 76909 76 tRNA-Asp-GTC Unknown 

RNA contig00030 77062 76987 76 tRNA-Met-CAT Unknown 

RNA contig00030 77186 77094 93 tRNA-Ser-TGA Unknown 

RNA contig00030 77263 77188 76 tRNA-Met-CAT Unknown 

RNA contig00030 77364 77288 77 tRNA-Met-CAT Unknown 

RNA contig00030 77445 77369 77 tRNA-Ala-TGC Unknown 

RNA contig00030 77528 77452 77 tRNA-Pro-TGG Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00030 78776 77679 1098 

Modification methylase 

HpaII (Cytosine-

specificmethyltransferase 

hpaII) 

Unknown 

CDS contig00030 78943 80568 1626 Hypothetical protein Unknown 

CDS contig00030 81534 80572 963 

DNA-cytosine 

methyltransferase (EC 

2.1.1.37) 

Unknown 

CDS contig00030 82861 81527 1335 

DNA-cytosine 

methyltransferase (EC 

2.1.1.37) 

Unknown 

CDS contig00030 83350 83144 207 Hypothetical protein Unknown 

CDS contig00030 84217 87021 2805 
Superfamily I DNA 

helicase 
Unknown 

CDS contig00030 87197 87051 147 Hypothetical protein Unknown 

CDS contig00030 88187 87201 987 
ABC transporter, permease 

protein 
Unknown 

CDS contig00030 89187 88147 1041 

ABC-type sugar transport 

systems, permease 

components 

Unknown 

CDS contig00030 91361 89187 2175 
Fe(3+) ions import ATP-

binding protein fbpc1 
Unknown 

CDS contig00030 92516 91374 1143 Lipoprotein Unknown 

CDS contig00030 94653 92569 2085 

Mycoplasma lipoprotein, 

C-terminal region family 

protein 

Unknown 

CDS contig00030 95024 96025 1002 

DNA-cytosine 

methyltransferase (EC 

2.1.1.37) 

Unknown 

CDS contig00030 96035 96991 957 
Type II restriction 

endonuclease 
Unknown 

CDS contig00030 97885 97025 861 Hypothetical protein Unknown 

CDS contig00030 97936 98520 585 Hypothetical protein Unknown 

CDS contig00030 98532 99767 1236 
Tyrosyl-tRNA synthetase 

(EC 6.1.1.1)  

tRNA aminoacylation, 

Tyr 

CDS contig00030 99767 100765 999 
Tryptophanyl-tRNA 

synthetase (EC 6.1.1.2) 

tRNA aminoacylation, 

Trp 

CDS contig00030 100768 102510 1743 
Threonyl-tRNA synthetase 

(EC 6.1.1.3) 

tRNA aminoacylation, 

Thr 

CDS contig00030 102503 102961 459 Hypothetical protein Unknown 

RNA contig00030 103069 102994 76 tRNA-Thr-GGT Unknown 

CDS contig00030 104522 103185 1338 
Signal recognition particle, 

subunit Ffh  (TC 3.A.5.1.1) 

Two cell division clusters 

relating to chromosome 

partitioning, Universal 

GTPases 

CDS contig00030 107287 104600 2688 

Oligopeptide-binding 

protein oppA precursor (TC 

3.A.1.5.1) 

Unknown 

CDS contig00030 109673 107304 2370 Hypothetical protein Unknown 

CDS contig00030 110030 109683 348 Hypothetical protein Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00030 115936 110042 5895 Hypothetical protein Unknown 

CDS contig00030 117254 115917 1338 

Oligopeptide transport 

ATP-binding protein OppD 

(TC 3.A.1.5.1) 

Unknown 

CDS contig00030 118597 117263 1335 

Putative oligopeptide ABC 

transporter ATP-binding 

protein OppF 

Unknown 

CDS contig00030 119590 118607 984 

Oligopeptide transport 

system permease protein 

OppC (TC 3.A.1.5.1) 

Unknown 

CDS contig00030 120638 119592 1047 

Oligopeptide transport 

system permease protein 

OppB (TC 3.A.1.5.1) 

Unknown 

CDS contig00030 120850 120698 153 Hypothetical protein Unknown 

CDS contig00030 122190 121153 1038 

Aminopeptidase YpdF 

(MP-, MA-, MS-, AP-, NP- 

specific) 

Protein degradation 

CDS contig00030 122409 122257 153 LSU ribosomal protein L33 Ribosome LSU bacterial 

CDS contig00030 123551 123069 483 Hypothetical protein Unknown 

CDS contig00030 124797 123643 1155 

HAD superfamily 

hydrolase, subfamily IIB 

family protein 

Unknown 

CDS contig00030 124859 125863 1005 
Heat-inducible transcription 

repressor HrcA 
Unknown 

CDS contig00030 127168 125882 1287 Putative membrane protein Unknown 

CDS contig00031 668 18 651 Hypothetical protein Unknown 

CDS contig00031 13437 1210 12228 

GDSL-like Ligase / 

Acylhydrolase family 

protein 

Unknown 

CDS contig00031 14398 13622 777 Hypothetical protein Unknown 

CDS contig00031 15924 14398 1527 
RNA polymerase sigma 

factor RpoD 

Transcription initiation, 

bacterial sigma factors 

CDS contig00031 17948 15924 2025 DNA primase (EC 2.7.7.-) Unknown 

CDS contig00031 19311 17956 1356 
Glycyl-tRNA synthetase 

(EC 6.1.1.14) 

tRNA aminoacylation, 

Gly 

CDS contig00031 21112 19412 1701 

Phosphoenolpyruvate-

protein phosphotransferase 

of PTS system (EC 2.7.3.9) 

Unknown 

CDS contig00031 21267 22178 912 
Conserved hypothetical 

protein 
Unknown 

CDS contig00031 22275 23702 1428 
Cardiolipin synthetase (EC 

2.7.8.-) 
Unknown 

CDS contig00031 23882 24145 264 
Phosphocarrier protein of 

PTS system 

HPr catabolite repression 

system 

CDS contig00031 24186 25031 846 

Binding protein-dependent 

transport inner membrane 

component family protein 

OppB 

Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00031 25024 26136 1113 

Binding protein-dependent 

transport inner membrane 

component family protein 

OppC 

Unknown 

CDS contig00031 26090 27763 1674 ClpB protein 
Proteolysis in bacteria, 

ATP-dependent 

CDS contig00032 170 1195 1026 

Restriction modification 

system DNA specificity 

domain 

Unknown 

CDS contig00032 1208 1822 615 

Type I restriction-

modification system, DNA-

methyltransferase subunit 

M (EC 2.1.1.72) 

Restriction-Modification 

System, Type I 

Restriction-Modification 

CDS contig00032 1865 2812 948 

Type I restriction-

modification system, DNA-

methyltransferase subunit 

M (EC 2.1.1.72) 

Restriction-Modification 

System, Type I 

Restriction-Modification 

CDS contig00032 7260 2869 4392 
DNA polymerase III alpha 

subunit (EC 2.7.7.7) 
Unknown 

CDS contig00032 8185 7277 909 

Phosphatidate 

cytidylyltransferase (EC 

2.7.7.41) 

Glycerolipid and 

Glycerophospholipid 

Metabolism in Bacteria 

CDS contig00032 8352 9728 1377 Hypothetical protein Unknown 

CDS contig00032 9736 10878 1143 
Thiamine biosynthesis 

protein ThiI 
Unknown 

RNA contig00032 11016 10940 77 tRNA-Arg-ACG tRNAs 

RNA contig00032 11097 11023 75 tRNA-Cys-GCA tRNAs 

CDS contig00032 11308 12288 981 

Ribose-phosphate 

pyrophosphokinase (EC 

2.7.6.1) 

Pentose phosphate 

pathway 

CDS contig00032 12278 12958 681 

rRNA small subunit 

methyltransferase, glucose 

inhibited division protein 

GidB 

Unknown 

CDS contig00032 13959 12979 981 
Proline iminopeptidase (EC 

3.4.11.5) 
Unknown 

CDS contig00032 14668 14006 663 

Deoxyadenosine kinase 

(EC 2.7.1.76) / 

Deoxyguanosine kinase 

(EC 2.7.1.113) 

Purine conversions, 

Purine conversions 

CDS contig00032 15083 14895 189 Hypothetical protein Unknown 

CDS contig00032 16560 15199 1362 Enolase (EC 4.2.1.11) 
Glycolysis and 

Gluconeogenesis 

CDS contig00032 16853 16975 123 Hypothetical protein Unknown 

CDS contig00032 16986 23456 6471 GA module family protein Unknown 

CDS contig00032 23738 23511 228 Hypothetical protein Unknown 

CDS contig00032 23859 23746 114 
Conjugative transfer protein 

TraD 
Unknown 

CDS contig00032 24636 24118 519 

Adenine 

phosphoribosyltransferase 

(EC 2.4.2.7) 

Purine conversions 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00032 26441 24636 1806 
Translation initiation factor 

2 

Universal GTPases, 

NusA-TFII Cluster 

CDS contig00032 26710 26417 294 Hypothetical protein Unknown 

CDS contig00032 28349 26694 1656 
Transcription termination 

protein NusA 
Unknown 

CDS contig00032 28797 28357 441 

Phosphoribosylamino-

imidazole carboxylase 

ATPase subunit (EC 

4.1.1.21) 

Unknown 

CDS contig00032 30705 28912 1794 
ABC transporter, ATP-

binding/permease protein 
Unknown 

CDS contig00032 32210 30705 1506 
ABC transporter ATP-

binding protein 
Unknown 

CDS contig00032 33861 32674 1188 
Translation elongation 

factor Tu 
Universal GTPases 

CDS contig00032 35831 34092 1740 

Glycoprotease (O-

sialoglycoprotein 

endopeptidase) 

YgjD and YeaZ 

CDS contig00032 36397 35831 567 

Inactive homolog of metal-

dependent proteases, 

Putative molecular 

chaperone 

Unknown 

CDS contig00032 36788 36399 390 

ATPase YjeE, predicted to 

have essential role in cell 

wall biosynthesis 

Unknown 

CDS contig00032 36999 37196 198 LSU ribosomal protein L32 Ribosome LSU bacterial 

RNA contig00033 78 1578 1501 
Small Subunit Ribosomal 

RNA; ssuRNA; SSU rRNA 
Unknown 

RNA contig00033 1889 4784 2896 
Large Subunit Ribosomal 

RNA; lsuRNA; LSU rRNA 
Unknown 

RNA contig00034 165 239 75 tRNA-Asn-GTT Unknown 

RNA contig00034 246 321 76 tRNA-Glu-TTC Unknown 

RNA contig00034 327 402 76 tRNA-Val-TAC Unknown 

RNA contig00034 404 479 76 tRNA-Thr-TGT Unknown 

RNA contig00034 519 603 85 tRNA-Leu-TAG Unknown 

CDS contig00034 810 2384 1575 

Putative ABC transporter 

protein, periplasmic 

component 

Unknown 

CDS contig00034 2410 3282 873 

Multiple sugar ABC 

transporter, membrane-

spanning permease protein 

MsmF 

Unknown 

CDS contig00034 3282 4130 849 

Multiple sugar ABC 

transporter, membrane-

spanning permease protein 

MsmG 

Unknown 

CDS contig00034 4140 4610 471 

Multiple sugar ABC 

transporter, ATP-binding 

protein 

Unknown 



 

105 

 

Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00034 4670 5908 1239 

Multiple sugar ABC 

transporter, ATP-binding 

protein MsmK 

Unknown 

CDS contig00034 6655 9051 2397 Hypothetical protein Unknown 

CDS contig00034 9569 9925 357 

Maltodextrin ABC 

transporter permease 

protein MalC 

Unknown 

CDS contig00034 9981 12506 2526 

Binding-protein-dependent 

transport system inner 

membrane component 

family protein 

Unknown 

CDS contig00034 12508 13449 942 

Maltose/maltodextrin ABC 

transporter, permease 

protein MalG 

Unknown 

CDS contig00034 13452 14639 1188 

Uncharacterized ABC 

transporter ATP-binding 

protein YcjV 

Unknown 

CDS contig00034 14765 15298 534 Putative membrane protein Unknown 

CDS contig00034 15298 17103 1806 

Alpha-amylase 3 (1,4-Alpa-

D-Glucan 

Glucanohydrolase); 

Lipoprotein ( EC:3.2.1.1 ) 

Unknown 

CDS contig00034 18315 17131 1185 Hypothetical protein Unknown 

CDS contig00034 19025 18318 708 Putative membrane protein Unknown 

CDS contig00034 19867 19025 843 
COF family HAD 

hydrolase protein 
Unknown 

CDS contig00034 20803 19940 864 Hypothetical protein Unknown 

CDS contig00034 21060 21365 306 SSU ribosomal protein S10 Unknown 

CDS contig00034 21390 22193 804 LSU ribosomal protein L3 Ribosome LSU bacterial 

CDS contig00034 22196 22810 615 LSU ribosomal protein L4 Ribosome LSU bacterial 

CDS contig00034 22810 23271 462 LSU ribosomal protein L23 Ribosome LSU bacterial 

CDS contig00034 23373 24218 846 LSU ribosomal protein L2 Ribosome LSU bacterial 

CDS contig00034 24218 24496 279 SSU ribosomal protein S19 Unknown 

CDS contig00034 24496 24837 342 LSU ribosomal protein L22 Ribosome LSU bacterial 

CDS contig00034 24837 25487 651 SSU ribosomal protein S3 Unknown 

CDS contig00034 25490 25918 429 LSU ribosomal protein L16 Ribosome LSU bacterial 

CDS contig00034 25918 26109 192 LSU ribosomal protein L29 Ribosome LSU bacterial 

CDS contig00034 26109 26378 270 SSU ribosomal protein S17 Unknown 

CDS contig00034 26380 26745 366 LSU ribosomal protein L14 Ribosome LSU bacterial 

CDS contig00034 26765 27094 330 LSU ribosomal protein L24 Ribosome LSU bacterial 

CDS contig00034 27097 27645 549 LSU ribosomal protein L5 Ribosome LSU bacterial 

CDS contig00034 27645 27830 186 
SSU ribosomal protein S14 

Zinc-independent 
Unknown 

CDS contig00034 27830 28225 396 SSU ribosomal protein S8 Unknown 

CDS contig00034 28234 28773 540 LSU ribosomal protein L6 Ribosome LSU bacterial 

CDS contig00034 28792 29142 351 LSU ribosomal protein L18 Ribosome LSU bacterial 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00034 29145 29792 648 SSU ribosomal protein S5 
Ribosomal protein S5p 

acylation 

CDS contig00034 29794 30237 444 LSU ribosomal protein L15 Ribosome LSU bacterial 

CDS contig00034 30378 36194 5817 Hypothetical protein Unknown 

CDS contig00038 463 2 462 Transposase Unknown 

CDS contig00038 1010 486 525 Transposase Unknown 

CDS contig00041 4670 1998 2673 ATP-dependent protease 
Proteolysis in bacteria, 

ATP-dependent 

CDS contig00041 7028 4680 2349 
Leucyl-tRNA synthetase 

(EC 6.1.1.4) 

tRNA aminoacylation, 

Leu 

CDS contig00041 7701 7018 684 Putative membrane protein Unknown 

CDS contig00041 8755 8075 681 
ABC transporter, ATP-

binding/permease protein 
Unknown 

CDS contig00041 11767 10028 1740 

ABC transporter 

transmembrane region 

family protein 

Unknown 

RNA contig00041 11961 11888 74 tRNA-Thr-CGT Unknown 

RNA contig00041 12053 11963 91 tRNA-Ser-CGA tRNAs 

RNA contig00041 12347 12257 91 tRNA-Ser-GCT Unknown 

CDS contig00041 21830 12504 9327 Hypothetical protein Unknown 

CDS contig00041 22233 23663 1431 
Pyruvate kinase (EC 

2.7.1.40) 

Glycolysis and 

Gluconeogenesis, 

Pyruvate metabolism I: 

anaplerotic reactions, PEP 

CDS contig00041 23902 23789 114 Hypothetical protein Unknown 

CDS contig00041 24926 25600 675 Hypothetical protein Unknown 

CDS contig00041 25866 26228 363 Hypothetical protein Unknown 

CDS contig00041 26790 26942 153 Hypothetical protein Unknown 

CDS contig00041 27066 27668 603 Putative membrane protein Unknown 

CDS contig00041 28041 29018 978 
Hypothetical membrane 

protein 
Unknown 

CDS contig00041 29020 29694 675 Putative membrane protein Unknown 

CDS contig00041 30591 29728 864 
Fructose-bisphosphate 

aldolase (EC 4.1.2.13) 

Glycolysis and 

Gluconeogenesis, 

Formaldehyde 

assimilation: Ribulose 

monophosphate pathway 

CDS contig00041 30884 30636 249 Hypothetical protein Unknown 

CDS contig00041 31052 31897 846 Hypothetical protein Unknown 

CDS contig00041 31970 33745 1776 Chaperone protein Hsp70 Unknown 

CDS contig00041 35631 33829 1803 GTP-binding protein LepA Universal GTPases 

CDS contig00041 35759 36733 975 

DNA-cytosine 

methyltransferase (EC 

2.1.1.37) 

Unknown 

CDS contig00041 37776 38291 516 AbiQ-like protein Unknown 

CDS contig00041 41670 38317 3354 DNA helicase Unknown 
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Type 
Contiguous 

sequence 
Start Stop 

Length 

(bp) 
Annotated gene 

Subsystem and / or 

function 

CDS contig00041 41815 43167 1353 
Asparaginyl-tRNA 

synthetase (EC 6.1.1.22) 

tRNA aminoacylation, 

Glu and Gln, tRNA 

aminoacylation, Asp and 

Asn 

CDS contig00041 43523 43242 282 Hypothetical protein Unknown 

CDS contig00044 86 1150 1065 
rRNA small subunit 

methyltransferase I 
Unknown 

CDS contig00044 1499 3268 1770 Hypothetical protein Unknown 

CDS contig00044 3271 3696 426 Hypothetical protein Unknown 

CDS contig00044 3986 5212 1227 

Type I restriction 

modification DNA 

specificity domain protein 

Unknown 
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Addendum B     Nucleotide and translated amino acid sequence of the P100 

gene 

The nucleotide and translated amino acid sequence of the P100 gene of Ms02 before modification by 

SDM. The green areas are the consensus translation promoter areas, the blue areas are the initiation and 

termination codons respectively and the grey areas are the signal peptide II recognition site with the 

cysteine lipoprotein attachment site in bold, the oligopeptide binding domain and the highly conserved 

Walker A and B motifs. The yellow shaded codons are the ten sites destined for modification by SDM.  

 

                    -35 box                                                                           -10 box                          SD-like sequence 
-63   ATG AAT CGA ATT AGG TAA AAA ACT TTT TAA ATC AAA ACT TAA ATA AAA ATA AAG GAG AAA  -4  

   

      Initiation codon 
-3    ACC ATG AAA TTG AAA AAA AGA TTT AAT TTA TTA TTA CTT GGT GCT GTA GCA TCA GTT GCA  57   

          Met Lys Leu Lys Lys Arg Phe Asn Leu Leu Leu Leu Gly Ala Val Ala Ser Val Ala 

 

                 Signal peptide II recognition site and lipoprotein attachment site 
58    CCT CTT GTT TCG GTT GCT GTT TCA TGT GCC AAC AAT GTA TCT GAT AAA ACA AAT GGA GAT  117   

      Pro Leu Val Ser Val Ala Val Ser Cys Ala Asn Asn Val Ser Asp Lys Thr Asn Gly Asp 

 

 

118   TCA CAA AAC ACA AAG ACT TCT CAA GAA AAC CCA TCA AAC AAT AAC CAA AAT GGT AAC GCA  177   

      Ser Gln Asn Thr Lys Thr Ser Gln Glu Asn Pro Ser Asn Asn Asn Gln Asn Gly Asn Ala 

 

 

178   AAC AAT CCA AAT GGT CAA GAT GCT GAA AGA GGT ACA TTA TCA GCT GAC ATT ACG CCT GCA  237   

      Asn Asn Pro Asn Gly Gln Asp Ala Glu Arg Gly Thr Leu Ser Ala Asp Ile Thr Pro Ala 

 

 

238   CAA AGA CTT TCT AAG TTA AGC TCA GAG TTT AAA AGT TCA CTA AGA ACT TAT GCT TCA AGA  297   

      Gln Arg Leu Ser Lys Leu Ser Ser Glu Phe Lys Ser Ser Leu Arg Thr Tyr Ala Ser Arg 

 

                                                                  site 1 
298   GGA ATC ATC AAC AAT GAT TCA AAT ACA ACT TAT AAT AAA GCT GTT TGA GAG TTT GAT AAC  357   

      Gly Ile Ile Asn Asn Asp Ser Asn Thr Thr Tyr Asn Lys Ala Val End Glu Phe Asp Asn 

 

 

358   ACA TAT GCA TCA GGT TCT TTC TCA TCA GAA ACA GAC CTA TCA TTA GCA AAC TTA TTC CTT  417   

      Thr Tyr Ala Ser Gly Ser Phe Ser Ser Glu Thr Asp Leu Ser Leu Ala Asn Leu Phe Leu 

 

 

418   GAG TAT AGA TTT GAA GGA GAA CTA TCA ACA GTT ACA GTC GAA GTT TTA GAA GAC AAT GTT  477   

      Glu Tyr Arg Phe Glu Gly Glu Leu Ser Thr Val Thr Val Glu Val Leu Glu Asp Asn Val 

 

 

478   AAT GTT TCG AAA ACC TAC TAC ACA TCA CCA CTT GTT GGA TCT CTA AAG TTA TCA GCA GCA  537   

      Asn Val Ser Lys Thr Tyr Tyr Thr Ser Pro Leu Val Gly Ser Leu Lys Leu Ser Ala Ala 

 

 

538   GAC GCA ATG GTT CTT GTT GTT GAT GGA CAA GAA GTT GTC TTT GAT AGT GAT GAC GCT GAA  597   

      Asp Ala Met Val Leu Val Val Asp Gly Gln Glu Val Val Phe Asp Ser Asp Asp Ala Glu 

 

 

598   GTT CGT CCT GAA GCT GCT GAA TCA TTT GAG CAC GAA GGT CAA ACA TAT AGC TAT TAC AAA  657   

      Val Arg Pro Glu Ala Ala Glu Ser Phe Glu His Glu Gly Gln Thr Tyr Ser Tyr Tyr Lys 

 

 

658   AAC CCT TAT GTA GAA GCA ACA TCA AAC AAC GAA AGA TCA ATT AAC TCA CAA AAC TTC AAA  717   

      Asn Pro Tyr Val Glu Ala Thr Ser Asn Asn Glu Arg Ser Ile Asn Ser Gln Asn Phe Lys 

 

                                                     Oligopeptide binding domain             site 2 
718   GAT CAA CTA GCC AAA TCC TCA GAA GTA AGA TTC AGA ATT AGA CCT GAA CAA GTT TGA GTT  777   

      Asp Gln Leu Ala Lys Ser Ser Glu Val Arg Phe Arg Ile Arg Pro Glu Gln Val End Val 

 

 

778   GAC AAA AAT GGT CAA AAA ACA GAA TAC AAA GTA ACT GCA GAA GAC TAC TAT CTA GGT TAC  837   

      Asp Lys Asn Gly Gln Lys Thr Glu Tyr Lys Val Thr Ala Glu Asp Tyr Tyr Leu Gly Tyr 

 

                             Walker B motif 
838   ATG AAA ACT CAG TTC TTA ACA ACT ACA TAC AGA AGA CAA CAA GGT GGT TCA CAA GAA TTA  897   
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      Met Lys Thr Gln Phe Leu Thr Thr Thr Tyr Arg Arg Gln Gln Gly Gly Ser Gln Glu Leu 

 

 

898   GAC GAA GCC CTA AAA CAA ACT TTA GAA GAA TCA AAC ACA TCA TTG TTT GAC GAA AAA ACA  957  

      Asp Glu Ala Leu Lys Gln Thr Leu Glu Glu Ser Asn Thr Ser Leu Phe Asp Glu Lys Thr 

 

 

958   CAA AAC AAA AAC AAC TAC CTA TTA CCT TTA TTC AAT ATT GAT CAG CCT AAA TTA ATG GAT  1017 

      Gln Asn Lys Asn Asn Tyr Leu Leu Pro Leu Phe Asn Ile Asp Gln Pro Lys Leu Met Asp 

 

 

1018  AGA GAA CAA ACA GTT CTT AAA AAA GAT AAT CAA GAA TAC TAC GTT GTT AAA AGA GTG CAA  1077  

      Arg Glu Gln Thr Val Leu Lys Lys Asp Asn Gln Glu Tyr Tyr Val Val Lys Arg Val Gln 

 

                      site 3 
1078  GGT GCT ACA TCA TGA AAA TTC TAT GAT TTC TTA GAT TCA TTC TAC AAT AAA GCT GAC TTC  1137  

      Gly Ala Thr Ser End Lys Phe Tyr Asp Phe Leu Asp Ser Phe Tyr Asn Lys Ala Asp Phe 

 

 

1138  TTA CCT TTA CCA AGT CAA TAT ATT GAA GCT AAT AAA GAT AAT CCA GTT TAT GAT TTC CAA  1197  

      Leu Pro Leu Pro Ser Gln Tyr Ile Glu Ala Asn Lys Asp Asn Pro Val Tyr Asp Phe Gln 

 

 

1198  CAA AAA AAT GCT TTA AGT GCA GAA GAA CAA AAA CAA TTA AAA GCT AAA CTT TCA CAA GCA  1257  

      Gln Lys Asn Ala Leu Ser Ala Glu Glu Gln Lys Gln Leu Lys Ala Lys Leu Ser Gln Ala 

 

                                              site 4 
1258  ACA GGT CTT GCA AAG GAT ATG GGA TAC TAC TGA TAT GGA TTT ACG CCT GAA ACA ACA TTA  1317  

      Thr Gly Leu Ala Lys Asp Met Gly Tyr Tyr End Tyr Gly Phe Thr Pro Glu Thr Thr Leu 

 

 

1318  TTC TCA GGA AAA TAC TAT ACA GCA GGT TAT AAC GCT GAA AAT ACA TCA GTT GAA GTA CTT  1377  

      Phe Ser Gly Lys Tyr Tyr Thr Ala Gly Tyr Asn Ala Glu Asn Thr Ser Val Glu Val Leu 

 

 

1378  CTA AAC AAA CAT CAC CAC GAC AGA AAA TTC GTG GAT GCA CCA ACT ACA GTC CAA AAA GTT  1437  

      Leu Asn Lys His His His Asp Arg Lys Phe Val Asp Ala Pro Thr Thr Val Gln Lys Val 

 

 

1438  ATC ACA CAA TAC AAA ACA ACA CCA GTT GAT GGA AAC GTG TTT CTA GAT CAA CTT CTA CAC  1497 

      Ile Thr Gln Tyr Lys Thr Thr Pro Val Asp Gly Asn Val Phe Leu Asp Gln Leu Leu His 

 

 

1498  TCA TAT ACA CAA GGA TCA AAC CCT TAC ATG AGC CTT TCA CCT TTT TCA AAA GAC AAA CAA  1557 

      Ser Tyr Thr Gln Gly Ser Asn Pro Tyr Met Ser Leu Ser Pro Phe Ser Lys Asp Lys Gln 

 

 

1558  GAC ACA ATC TCT TCA AAC AAA CCA CTA TAT GGT GAA AAC AAA GTT CCA ATC ATC AAC AAA  1617  

      Asp Thr Ile Ser Ser Asn Lys Pro Leu Tyr Gly Glu Asn Lys Val Pro Ile Ile Asn Lys 

 

 

1618  AAC AGC TAC AAC AGA AAT GCT ACT TTT GAA TTA ATA CCT AAC ATT TCA GTT TTA GGT GAA  1677  

      Asn Ser Tyr Asn Arg Asn Ala Thr Phe Glu Leu Ile Pro Asn Ile Ser Val Leu Gly Glu 

  

 

1678  CCA GGA CAA GAA GAA GAC AAA TAC AAA CCA TAC GTT AAC AAA TCA ATG AAT GAT GCT TTT  1737  

      Pro Gly Gln Glu Glu Asp Lys Tyr Lys Pro Tyr Val Asn Lys Ser Met Asn Asp Ala Phe 

 

 

1738  GTT GCT CTT CAA TAT GGT CTA AAC GTT ACT TTA GAA CAA TTA ATC AAT GGA ACA GCT AAA  1797  

      Val Ala Leu Gln Tyr Gly Leu Asn Val Thr Leu Glu Gln Leu Ile Asn Gly Thr Ala Lys 

 

 

1798  ATT GAT ATT GAA CAC GCA ACA GTT GGT ATG GGT GGA GAG TTC AAG TCT ATC CTT TAT GGT  1857  

      Ile Asp Ile Glu His Ala Thr Val Gly Met Gly Gly Glu Phe Lys Ser Ile Leu Tyr Gly 

 

                  site 5 
1858  GCA ATT AAC TGA TAT AAT GTT GCT CAA GCA GGA TCA AAT CCT AGA GTT TCT ACT CCT TAC  1917  

      Ala Ile Asn End Tyr Asn Val Ala Gln Ala Gly Ser Asn Pro Arg Val Ser Thr Pro Tyr 

 

 

1918  TAC GTA GCT GTA GCT CCA GAT AAC AAA ATA AAA GGT TCA GAA GCT GAA AGC GCT GAA AAC  1977  

      Tyr Val Ala Val Ala Pro Asp Asn Lys Ile Lys Gly Ser Glu Ala Glu Ser Ala Glu Asn 

 

 

 

1978  ACA GTA AGA GGA TTC GTT AAC GAA GTT AAC AAA CTA TTC GTA ATC GAT TCA GCT AAT GCA  2037  

      Thr Val Arg Gly Phe Val Asn Glu Val Asn Lys Leu Phe Val Ile Asp Ser Ala Asn Ala 
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2038  AGT AAA TAT ACA CTT ACA TCA AGA GAT AAC AAA AAA GCA CAA GAA ATT TCA GTA AGA GAT  2097  

      Ser Lys Tyr Thr Leu Thr Ser Arg Asp Asn Lys Lys Ala Gln Glu Ile Ser Val Arg Asp 

 

 

2098  TAC TTA GCA GAT AGA TTA AAA ACT AAT GAA GAA AAA TAT AAA TCT ATC TAC TAC CAA GAC  2157  

      Tyr Leu Ala Asp Arg Leu Lys Thr Asn Glu Glu Lys Tyr Lys Ser Ile Tyr Tyr Gln Asp 

 

 

2158  CTA CAA GAA AAA ATG ACA GCT CTT CTA GAC AAA TTC TAC GAA GCA AAA CCA AAC CTT GCA  2217  

      Leu Gln Glu Lys Met Thr Ala Leu Leu Asp Lys Phe Tyr Glu Ala Lys Pro Asn Leu Ala 

 

 

2218  GGA CAA AAA GTT AAA TTA CAA GTT GGT AAC TAC TAC TTA GGT GTT CCA CAA CTT TAC CAT  2277  

      Gly Gln Lys Val Lys Leu Gln Val Gly Asn Tyr Tyr Leu Gly Val Pro Gln Leu Tyr His 

 

 

2278  GAT GCA CTT TCA ACA GTT CTA AAC GTT CTA GAA GGT CTA GAT AAA AAA GGA AGA CTA GAA  2337 

      Asp Ala Leu Ser Thr Val Leu Asn Val Leu Glu Gly Leu Asp Lys Lys Gly Arg Leu Glu 

 

                                                                      site 6  
2338  TTT TCA TTA ATG GAC AAA GAA GCT CGT ATT GAA GAG CTC ATT GCT TAC TGA TAC TCA GTT  2397 

      Phe Ser Leu Met Asp Lys Glu Ala Arg Ile Glu Glu Leu Ile Ala Tyr End Tyr Ser Val 

 

                                  site 7                                                                      Walker A motif 
2398  TCA CCT GCT AGA AGA GGT AGA TGA AAC TAT GAC TAT GAT GGA ATT GGA ACA GGA TTC GAT  2457 

      Ser Pro Ala Arg Arg Gly Arg End Asn Tyr Asp Tyr Asp Gly Ile Gly Thr Gly Phe Asp 

 

 

2458  GGA TAT TCA ACA TAC TAC TTC ATG CCA ATT TTT GGT CAA GCT CTT GCA AAC GCT GAG TAC  2517  

      Gly Tyr Ser Thr Tyr Tyr Phe Met Pro Ile Phe Gly Gln Ala Leu Ala Asn Ala Glu Tyr 

 

 

2518  AGA ACA AAA TTA CAA TCT GTT TAT CCA GCT GTA GCT AAA GCT CTT GAC AAA TTA GAA GAA  2577  

      Arg Thr Lys Leu Gln Ser Val Tyr Pro Ala Val Ala Lys Ala Leu Asp Lys Leu Glu Glu 

 

                                                                          site 8 
2578  TTC ATG AAA ACA GAT ACA AAC TTC TCA AAC CTT TCA ATT CCT CTA GAT AAA TGA AAT TTA  2637  

      Phe Met Lys Thr Asp Thr Asn Phe Ser Asn Leu Ser Ile Pro Leu Asp Lys End Asn Leu 

 

 

2638  CTA ACA AAC GCT CAG CTA AAA GCA ATC GAA AAT ACA CTT CAC AGA TTC TAC TAC GAC AAA  2697  

      Leu Thr Asn Ala Gln Leu Lys Ala Ile Glu Asn Thr Leu His Arg Phe Tyr Tyr Asp Lys 

 

 

2698  GAA ACA CAA CAA CTT AAA GAA ATT GCT GAA AAC AAC ACT ACA GAA TAT GCT GAT TTA GGT  2757 

      Glu Thr Gln Gln Leu Lys Glu Ile Ala Glu Asn Asn Thr Thr Glu Tyr Ala Asp Leu Gly 

 

                              site 9 
2758  GTG GCT ACA GCA AAA TTC TGA ATA TAT GTA GAA CAA GAG TTC TCA AAA CAA GAA CTT CTT  2817 

      Val Ala Thr Ala Lys Phe End Ile Tyr Val Glu Gln Glu Phe Ser Lys Gln Glu Leu Leu 

 

  

2818  GAC CTA ACA AAA GAG TTA GGA AAC TTA TTA GGG ATG CCT TTA TTC TCA GAT GGT TAC TCA  2877  

      Asp Leu Thr Lys Glu Leu Gly Asn Leu Leu Gly Met Pro Leu Phe Ser Asp Gly Tyr Ser 

 

                                                                              site 10 
2878  TCA GTT CAA GGG TTC TCA CAT GTT GCA GTC AAC CCT TAC TAC AGA ATT CCT GTA TGA AAT  2937  

      Ser Val Gln Gly Phe Ser His Val Ala Val Asn Pro Tyr Tyr Arg Ile Pro Val End Asn 

 

                 Termination codon 
2938  GGA AAA CTG ACA GCT CAC TAC AAC AAA TCA ATC GTT TTA GAA GAA AAC TCA TCT AAA TAA  2997  

      Gly Lys Leu Thr Ala His Tyr Asn Lys Ser Ile Val Leu Glu Glu Asn Ser Ser Lys End 
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Addendum C     Alignment of the P100 gene in Ms02 after SDM 

 

Alignments done in BioEdit® of the P100 gene in Ms02 obtained by sequencing after the modification of 

each of the ten TGA codons to TGG codons by site-directed mutagenesis. 

 

                      10        20        30        40        50        60        70        80        90       100                   

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    ~~~~~~ATGAAATTGAAAAAAAGATTTAATTTATTATTACTTGGTGCTGTAGCATCAGTTGCACCTCTTGTTTCGGTTGCTGTTTCATGTGCCAACAATG  

SDM site 1   ACGCGT..............................................................................................  

SDM site 2   ACGCGT..............................................................................................  

SDM site 3   ACGCGT..............................................................................................  

SDM site 4   ACGCGT..............................................................................................  

SDM site 5   ACGCGT..............................................................................................  

SDM site 6   ACGCGT..............................................................................................  

SDM site 7   ACGCGT..............................................................................................  

SDM site 8   ACGCGT..............................................................................................  

SDM site 9   ACGCGT..............................................................................................  

SDM site 10  ACGCGT..............................................................................................  

 

                     110       120       130       140       150       160       170       180       190       200          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TATCTGATAAAACAAATGGAGATTCACAAAACACAAAGACTTCTCAAGAAAACCCATCAAACAATAACCAAAATGGTAACGCAAACAATCCAAATGGTCA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     210       220       230       240       250       260       270       280       290       300          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    AGATGCTGAAAGAGGTACATTATCAGCTGACATTACGCCTGCACAAAGACTTTCTAAGTTAAGCTCAGAGTTTAAAAGTTCACTAAGAACTTATGCTTCA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     310       320       330       340       350       360       370       380       390       400          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    AGAGGAATCATCAACAATGATTCAAATACAACTTATAATAAAGCTGTTTGAGAGTTTGATAACACATATGCATCAGGTTCTTTCTCATCAGAAACAGACC  

SDM site 1   ..................................................G.................................................  

SDM site 2   ..................................................G.................................................  

SDM site 3   ..................................................G.................................................  

SDM site 4   ..................................................G.................................................  

SDM site 5   ..................................................G.................................................  

SDM site 6   ..................................................G.................................................  

SDM site 7   ..................................................G.................................................  

SDM site 8   ..................................................G.................................................  

SDM site 9   ..................................................G.................................................  

SDM site 10  ..................................................G.................................................  

 

                     410       420       430       440       450       460       470       480       490       500          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TATCATTAGCAAACTTATTCCTTGAGTATAGATTTGAAGGAGAACTATCAACAGTTACAGTCGAAGTTTTAGAAGACAATGTTAATGTTTCGAAAACCTA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     510       520       530       540       550       560       570       580       590       600          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CTACACATCACCACTTGTTGGATCTCTAAAGTTATCAGCAGCAGACGCAATGGTTCTTGTTGTTGATGGACAAGAAGTTGTCTTTGATAGTGATGACGCT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  
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                     610       620       630       640       650       660       670       680       690       700          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    GAAGTTCGTCCTGAAGCTGCTGAATCATTTGAGCACGAAGGTCAAACATATAGCTATTACAAAAACCCTTATGTAGAAGCAACATCAAACAACGAAAGAT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     710       720       730       740       750       760       770       780       790       800          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CAATTAACTCACAAAACTTCAAAGATCAACTAGCCAAATCCTCAGAAGTAAGATTCAGAATTAGACCTGAACAAGTTTGAGTTGACAAAAATGGTCAAAA  

SDM site 1   ....................................................................................................  

SDM site 2   ...............................................................................G....................  

SDM site 3   ...............................................................................G....................  

SDM site 4   ...............................................................................G....................  

SDM site 5   ...............................................................................G....................  

SDM site 6   ...............................................................................G....................  

SDM site 7   ...............................................................................G....................  

SDM site 8   ...............................................................................G....................  

SDM site 9   ...............................................................................G....................  

SDM site 10  ...............................................................................G....................  

 

                     810       820       830       840       850       860       870       880       890       900          

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    AACAGAATACAAAGTAACTGCAGAAGACTACTATCTAGGTTACATGAAAACTCAGTTCTTAACAACTACATACAGAAGACAACAAGGTGGTTCACAAGAA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     910       920       930       940       950       960       970       980       990       1000         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TTAGACGAAGCCCTAAAACAAACTTTAGAAGAATCAAACACATCATTGTTTGACGAAAAAACACAAAACAAAAACAACTACCTATTACCTTTATTCAATA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1010      1020      1030      1040      1050      1060      1070      1080      1090      1100         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TTGATCAGCCTAAATTAATGGATAGAGAACAAACAGTTCTTAAAAAAGATAATCAAGAATACTACGTTGTTAAAAGAGTGCAAGGTGCTACATCATGAAA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   .................................................................................................G..  

SDM site 4   .................................................................................................G..  

SDM site 5   .................................................................................................G..  

SDM site 6   .................................................................................................G..  

SDM site 7   .................................................................................................G..  

SDM site 8   .................................................................................................G..  

SDM site 9   .................................................................................................G..  

SDM site 10  .................................................................................................G..  

 

                     1110      1120      1130      1140      1150      1160      1170      1180      1190      1200         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    ATTCTATGATTTCTTAGATTCATTCTACAATAAAGCTGACTTCTTACCTTTACCAAGTCAATATATTGAAGCTAATAAAGATAATCCAGTTTATGATTTC  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1210      1220      1230      1240      1250      1260      1270      1280      1290      1300         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CAACAAAAAAATGCTTTAAGTGCAGAAGAACAAAAACAATTAAAAGCTAAACTTTCACAAGCAACAGGTCTTGCAAAGGATATGGGATACTACTGATATG  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ...............................................................................................G....  

SDM site 5   ...............................................................................................G....  

SDM site 6   ...............................................................................................G....  

SDM site 7   ...............................................................................................G....  

SDM site 8   ...............................................................................................G....  

SDM site 9   ...............................................................................................G....  

SDM site 10  ...............................................................................................G....  

 

 

 

 

 

 

 

 

 



 

113 

 

                     1310      1320      1330      1340      1350      1360      1370      1380      1390      1400         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    GATTTACGCCTGAAACAACATTATTCTCAGGAAAATACTATACAGCAGGTTATAACGCTGAAAATACATCAGTTGAAGTACTTCTAAACAAACATCACCA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1410      1420      1430      1440      1450      1460      1470      1480      1490      1500         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CGACAGAAAATTCGTGGATGCACCAACTACAGTCCAAAAAGTTATCACACAATACAAAACAACACCAGTTGATGGAAACGTGTTTCTAGATCAACTTCTA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1510      1520      1530      1540      1550      1560      1570      1580      1590      1600         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CACTCATATACACAAGGATCAAACCCTTACATGAGCCTTTCACCTTTTTCAAAAGACAAACAAGACACAATCTCTTCAAACAAACCACTATATGGTGAAA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1610      1620      1630      1640      1650      1660      1670      1680      1690      1700         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    ACAAAGTTCCAATCATCAACAAAAACAGCTACAACAGAAATGCTACTTTTGAATTAATACCTAACATTTCAGTTTTAGGTGAACCAGGACAAGAAGAAGA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1710      1720      1730      1740      1750      1760      1770      1780      1790      1800         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    CAAATACAAACCATACGTTAACAAATCAATGAATGATGCTTTTGTTGCTCTTCAATATGGTCTAAACGTTACTTTAGAACAATTAATCAATGGAACAGCT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     1810      1820      1830      1840      1850      1860      1870      1880      1890      1900         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    AAAATTGATATTGAACACGCAACAGTTGGTATGGGTGGAGAGTTCAAGTCTATCCTTTATGGTGCAATTAACTGATATAATGTTGCTCAAGCAGGATCAA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ..........................................................................G.........................  

SDM site 6   ..........................................................................G.........................  

SDM site 7   ..........................................................................G.........................  

SDM site 8   ..........................................................................G.........................  

SDM site 9   ..........................................................................G.........................  

SDM site 10  ..........................................................................G.........................  

 

                     1910      1920      1930      1940      1950      1960      1970      1980      1990      2000         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    ATCCTAGAGTTTCTACTCCTTACTACGTAGCTGTAGCTCCAGATAACAAAATAAAAGGTTCAGAAGCTGAAAGCGCTGAAAACACAGTAAGAGGATTCGT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  
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                     2010      2020      2030      2040      2050      2060      2070      2080      2090      2100         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TAACGAAGTTAACAAACTATTCGTAATCGATTCAGCTAATGCAAGTAAATATACACTTACATCAAGAGATAACAAAAAAGCACAAGAAATTTCAGTAAGA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     2110      2120      2130      2140      2150      2160      2170      2180      2190      2200         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    GATTACTTAGCAGATAGATTAAAAACTAATGAAGAAAAATATAAATCTATCTACTACCAAGACCTACAAGAAAAAATGACAGCTCTTCTAGACAAATTCT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     2210      2220      2230      2240      2250      2260      2270      2280      2290      2300         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    ACGAAGCAAAACCAAACCTTGCAGGACAAAAAGTTAAATTACAAGTTGGTAACTACTACTTAGGTGTTCCACAACTTTACCATGATGCACTTTCAACAGT  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  

SDM site 7   ....................................................................................................  

SDM site 8   ....................................................................................................  

SDM site 9   ....................................................................................................  

SDM site 10  ....................................................................................................  

 

                     2310      2320      2330      2340      2350      2360      2370      2380      2390      2400         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    TCTAAACGTTCTAGAAGGTCTAGATAAAAAAGGAAGACTAGAATTTTCATTAATGGACAAAGAAGCTCGTATTGAAGAGCTCATTGCTTACTGATACTCA  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   .............................................................................................G......  

SDM site 7   .............................................................................................G......  

SDM site 8   .............................................................................................G......  

SDM site 9   .............................................................................................G......  

SDM site 10  .............................................................................................G......  

 

                     2410      2420      2430      2440      2450      2460      2470      2480      2490      2500         

             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ms02 P100    GTTTCACCTGCTAGAAGAGGTAGATGAAACTATGACTATGATGGAATTGGAACAGGATTCGATGGATATTCAACATACTACTTCATGCCAATTTTTGGTC  

SDM site 1   ....................................................................................................  

SDM site 2   ....................................................................................................  

SDM site 3   ....................................................................................................  

SDM site 4   ....................................................................................................  

SDM site 5   ....................................................................................................  

SDM site 6   ....................................................................................................  
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