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Summary 

Yenehiwot Berhanu Weldearegay 

In vivo and in vitro characterization of Mycoplasma mycoides subspecies 

mycoides by transcriptomic and proteomic analysis 

Summary 

The current study focused on transcriptomic and proteomic analysis of Mycoplasma 

mycoides subsp. mycoides (Mmm) in vivo, in vitro and ex vivo. For in vivo study, 

pleural effusion (PE) from cattle experimentally infected with Mmm was used for 

proteomic characterization of in vivo adapted Mmm. For ex vivo study, a system of 

growing Mmm in non-inactivated bovine serum was established and tested as a 

method of implementing 3R sytem (Replace, Reduce or Refine animal tests) for 

studying about Mmm. For the in vitro study, Mmm grown in an artificial media with 

standard growth conditions at early logarithmic and stationary growth phases was 

used to do transcriptomic and proteomic analysis. Furthermore, proteomic profile of 

bovine PE from cattle experimentally infected with Mmm was conducted for the first 

time.  

Pleural effusion from cattle with experimental infection of Mmm revealed 

considerable number of viable Mmm cells, which are able to replicate in PE, which 

allowed us to rename the PE as a suitable ‘in vivo niche’ of Mmm. The proteomic 

investigation of PE from these experimentally infected cattle revealed Mmm and 

bovine proteins. A total of 315 putative predicted Mmm proteins were detected. 

Bioinformatic analysis of these proteins revealed their predicted localizations and 

function. Translation, ribosomal structure and biogenesis were the main functions of 

the identified Mmm proteins followed by carbohydrate metabolism. Mmm proteins, 

which are involved in capsule synthesis such as ManB, Glf and Glycosyltransferases 

were detected. Moreover, previously identified virulence associated proteins such as 

LppQ, (involved in inflammation), GtsA, GlpF, GlpK and GlpO (involved in glycerol 

transport and metabolism followed by release of reactive oxygen species) were 

detected, indirectly proving the disease pathology.  

Bovine proteins detected from the PE were mainly plasma proteins with an 

enrichment of proteins of the innate immune system such as complement 
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Summary 

components, CD markers, proteins indicative of platelet activation and degranulation. 

Acute phase proteins (APPs) such as serum amyloid-A, haptoglobin and fibrinogen 

beta chain were highly abundant in PE. This supports the pathophysiology of the 

disease. The other finding of bovine proteins in this study is the detection of SPARC 

(Secreted protein acidic and rich in cysteine) and thrombospondin proteins, which 

indicate fibrosis.  

Transcriptomic analysis of Mmm in the early logarithmic and stationary growth 

phases were conducted in vitro in standard medium using strand specific deep RNA 

sequencing. The result revealed expression of 90 % of the total annotated Mmm 

genes during these two growth phases, and of these, a total of 34 genes were 

significantly differentially expressed (q-value < 0.01) with a fold change of ± 2. Basic 

information about the pathogen’s molecular characteristic was identified including 

determination of multigene operons (227), 5’-UTRs (354), 3’-UTRs (238), 

transcriptional start sites (664) and non-coding RNAs (58) in Mmm strain Gladysdale. 

Proteomic analysis of samples from the same time points revealed the translation of 

53 % of the putative predicted proteins. The use of these transcriptomic and 

proteomic data for proteogenomic study is recommended so as to reveal non-

annotated novel protein coding genes and improvement of genome annotation. 

Preliminary investigation dealing with the establishment of ex vivo growth conditions, 

which mimics in vivo situation using non-inactivated bovine serum, was performed. 

Non-inactivated bovine serum was reported to inhibit the growth of mycoplasma. 

Using a step-wise adaptation process, Mmm were able to grow in non-inactivated 

bovine serum. Immunologic investigation of Mmm grown in non inactivated serum 

revealed detection of more antigens using sera from infected cattle as compared to 

Mmm grown in standard media. Additionally, proteomic analysis on selected protein 

bands of Mmm grown in non-inactivated serum revealed bovine and Mmm proteins, 

where complement components were the major bovine proteins and ABC transporter 

and substrate-binding protein and phosphotransferase system EIIC were major Mmm 

proteins detected. Further investigation dealing with quantitative proteomic and 

transcriptomic analysis remains to be a priority for better understanding of Mmm 

survival in non-inactivated bovine serum. 
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Summary 

In conclusion, (i) Mmm produces virulence associated and immune evasion proteins 

in vivo and in environments mimicking in vivo, (ii) bovine PE from cattle with CBPP is 

composed of plasma proteins with abundant APPs and proteins of the innate immune 

system, (iii) during in vitro growth majority of genes are transcribed and proteins 

translated with minimal differential expression in different growth phases, which gives 

a baseline information for future comparative studies using in vivo samples or for the 

pathogen grown under stress conditions, (iv) Mmm can be adapted to grow in non-

inactivated bovine serum and this can be used as a 3R model for better investigation 

of virulence studies so as to be able to identify potential candidates for vaccines, 

diagnostics or therapeutic targets. 
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Zusammenfassung 

Yenehiwot Berhanu Weldearegay 

In vivo und in vitro Charakterisierung von Mycoplasma mycoides subspecies 

mycoides durch Transkriptom und Proteomanalyse  

Zusammenfassung 

In der vorliegenden Studie wurden Transcriptom- und Proteom-Analysen von 

Mycoplasma mycoides subsp. mycoides (Mmm) mit in vivo, in vitro und ex vivo. 

gewonnenen Proben durchgeführt. Bei dem in vivo Material handelt es sich um 

Pleuralergüsse (PE) von Rindern, die experimentell mit Mmm infiziert wurden. Diese 

Proben lieferten neben den Mmm Daten zum ersten Mal auch eine Charakterisierung 

des Proteoms der Pleuralflüssigkeit von Rindern. Als ex vivo System wurde Mmm in 

nicht-inaktiviertem Rinderserum kultiviert. Dieses Medium soll die in vivo Bedigungen 

(PE) nachstellen. Für die in vitro Untersuchungen wurde Mmm in Standard-Medium 

kultiviert. Proben aus der frühen exponentielle und der frühen stationären 

Wachstumsphase wurden für die Transcriptom- und Proteom-Analysen verwendet 

.Die PE-Proben von experimentell infizierten Rindern enthielten eine beträchtliche 

Anzahl lebens- und vermehrungsfähiger Mmm Zellen. Dieses Material stellt 

offensichtlich eine “in vivo Niche“ für die Vermehrung des Erregers im natürlichen 

Wirt dar. Bei der Untersuchung des PE-Proteoms wurden 315 Mmm Proteine 

identifiziert. Durch bioinformatische Analyse dieser Proteine konnten deren 

vermutete zelluläre Lokalisierungen und Funktion charakterisiert werden. Translation, 

ribosomale Struktur und Biogenese sowie Kohlenhydratstoffwechsel waren die 

häufigsten Funktionen der identifizierten Mmm Proteine. Außerdem wurden Mmm 

Proteine, die vermutlich an der Kapselsynthese beteiligt sind, wie z.B. ManB, Glf und 

Glycosyltransferasen, nachgewiesen. Auch Virulenz-assoziierte Proteine wie LppQ 

und die am Glycerin-Metabolismus und der Freisetzung von reaktiven 

Sauerstoffspezies beteiligten Proteine GtsA, GlpF GlpK und GlpO wurden 

identifiziert. 

Bei den Rinderproteinen, die in den PE-Proben identifiziert wurden, handelt es sich 

hauptsächlich um Plasmaproteine sowie Proteine des angeborenen Immunsystems, 

z.B. Komplement-Komponenten, CD-Marker und Proteine der Thrombozyten-

Aktivierung und -Degranulierung. Akut-Phase-Proteine (APP), wie beispielsweise 
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Chapter 1      Introduction Zusammenfassung 

Serum-Amyloid-A, Haptoglobin und Fibrinogen-β wurden ebenfalls detektiert. 

Außerdem wurden das SPARC-Protein (‚Secreted protein acidic and rich in cysteine‘) 

und Thrombospondin-Proteine identifiziert, die eine Fibrose anzeigen. Insgesamt 

bestätigten die identifizierten Proteine die Pathophysiologie der Rinder-

Lungenseuche.  

Die Transcriptom-Analysen von Mmm wurden mit Proben aus der frühen 

exponentiellen und stationären Wachstumsphase von Kulturen in Standard-Medium 

mit Strang-spezifischer RNA-Sequenzierung durchgeführt. Hierbei wurde die 

Expression von 90% der annotierten Mmm Gene nachgewiesen, wobei 34 Gene eine 

signifikant differentielle Expression (2-fache Auf-/Ab-Regulation) zwischen den 

beiden Probenahmezeiten zeigten. Die weitere Charakterisierung des Transkriptoms 

mit Hilfe des Programms “Rockhopper“ erlaubte die Bestimmung von Multigen-

Operons (227), 5'-UTRs (354), 3'-UTR (238), Transkriptionsstartstellen (664) und 

nicht-kodierenden RNAs (58) im hier verwendeten Mmm Stamm Gladysdale. Die 

Proteomanalyse wurde mit Proben der gleichen Kultur-Zeitpunkte durchgeführt. 

Hierbei wurden 53% der theoretischen Proteine nachgewiesen. Insgesamt können 

diese Daten zur Verbesserung der Genom-Annotation verwendet werden. 

Versuche zur Etablierung eines ex vivo Kultursystems, das die in vivo Bedingungen 

in der Pleuralflüssigkeit imitiert, wurden mit nicht-inaktiviertem Rinderserum 

durchgeführt. Obwohl beschrieben ist, dass nicht-inaktiviertes Rinderserum das 

Wachstum der Mycoplasmen hemmt, konnte durch schrittweise Erhöhung der 

Serumkonzentration eine Anpassung von Mmm erreicht werden, sodass die 

Bakterien auch in nicht-inaktiviertem Rinderserum wachsen. Ein Vergleich von 

Serum-adaptierten und in Standard-Medium gezüchteten Mmm Zellen im Western-

Blot mit Rekonvaleszenten-Serum zeigte zusätzliche immunogene Proteine in den 

Serum-adaptierten Proben. Bei der Untersuchung ausgewählter Protein-Banden der 

Serum-adaptierten Proben wurden verschiedene Rinderprotein, insbesondere 

Komplement-Komponenten sowie Mmm Proteine, z.B. ABC-Transporter, Substrat-

Bindeproteine und Phosphotransferase-Proteine identifiziert. In weiterführenden 

Untersuchungen können Transcriptom- und quantitative Proteom-Untersuchungen zu 

einem besseren Verständnis der Anpassung und des Überlebens von Mmm in nicht-

inaktiviertem Rinderserum bzw. im Wirt führen. 
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Chapter 1      Introduction Zusammenfassung 

Abschließend kann man zusammenfassen dass, (i) Mmm Virulenz-assoziierte 

Proteine und Proteine der Immunevasion in vivo und unter in vivo imitiertenden 

Bedingungen produziert, (ii) PE-Proben von Rindern mit CBPP hauptsächlich 

Plasmaproteine, Akut-Phase Proteine und Proteine des angeborenen Immunsystems 

enthalten, (iii) während des in vitro Wachstums die Mehrheit der Gene transkribiert 

und  translatiert werden, wobei einige Gene eine differentielle Expression in den 

verschiedenen Wachstumsphasen zeigen. Daraus ergibt sich eine Basisinformation 

für künftige Vergleichsstudien mit in vivo Proben oder Mmm Proben, die unter 

Stressbedingungen gewachsen sind, (iv) Mmm kann an das Wachstum in nicht-

inaktiviertem Rinderserum angepasst werden, womit ein en vivo Modell für die 

bessere Untersuchung von Virulenzfaktoren und möglichen Kandidaten für Impfstoffe 

und Diagnostika zur Verfügung steht. 
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Chapter 1. Introduction 

Mycoplasma mycoides subspecies mycoides (Mmm) is a highly virulent, small cell 

wall-less bacterium, classified under the class mollicutes. It is the causative agent of 

contagious bovine pleuropneumonia (CBPP), a severe transboundary disease. 

Although other bovids such as buffalos are also affected, CBPP is a disease mainly 

of domestic cattle (FAO, 2002; Halbedel et al., 2007; OIE, 2009, 2014a). Mmm 

belongs to the Mycoplasma mycoides (M. mycoides) cluster, which comprises the 

ruminant pathogens: Mmm, M. capricolum subsp. capripneumoniae, M. mycoides 

subsp. capri, M. capricolum subsp. capricolum and M. leachii (Cottew et al., 1987; 

Fischer et al., 2012; Manso-Silvan et al., 2009). 

Contagious bovine pleuropneumonia causes high morbidity, mortality, production 

loss and trade restriction (OIE, 2009; Tambi et al., 2006). Clinical signs of the 

disease are attributable to lesions that develop in the thorax, where large areas of the 

lungs may be involved. In adult animals, the disease is characterized by fibrinous 

interstitial pneumonia and pleurisy, gray and red hepatization (marbling appearance) 

of the lung, sequestra formation, high accumulation of pleural fluid (PLF) and 

dyspnea, loss of body condition, etc. The mortality rate of acute CBPP can exceed 

50%, when introduced into a naïve herd (FAO, 2002). On the other hand, arthritis 

rather than pulmonary symptoms are characteristic features of the disease in young 

affected calves (Carter and Chengappa, 1993; OIE, 2009). 

The disease was first recorded in Europe and was introduced into Africa, North 

America, Australia and New Zealand during the colonial time period in the 18th and 

19th centuries via livestock movement as cited in Fischer et al. (2012). However, it 

has gradually been eradicated from most developed countries and 10 countries are 

declared free from the disease by the world organization for animal health (OIE) in 

2014 (OIE, 2014b). The disease is mainly confined to the African continent mainly of 

the cattle producing sub Saharan African countries (SSA). It is notifiable to the OIE 

and was the only bacterial disease in the former OIE list A diseases (OIE, 2004) . 

Currently, live vaccine from strain T1/44 is used, however, it does not produce long 

term immunity and it is also accompanied by adverse effects and sometimes fatal. 

On the other hand, the diagnostic tests currently available are not economically 
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feasible, they are not sensitive and specific and are very expensive (Muuka et al., 

2014). 

Despite the epidemiology of the disease, lack of sensitive and specific diagnostic 

tests and immunogenic vaccines (Egwu et al., 2012) make the control and 

eradication of this disease challenging (Egwu et al., 2012; OIE, 2009; Tardy et al., 

2011). In order to design novel rational diagnostic tools, effective drugs and safe and 

efficient vaccines to control the disease, the genome of the causative agent should 

be well characterized. Studying the molecular aspects of the organism is essential so 

as to understand the virulence mechanisms of Mmm, through the identification of 

genes and/ or proteins responsible for survival, replication and pathogenicity of the 

organism. This would enable the identification of potential candidates for the 

production of sensitive and specific diagnostic tests and protective vaccines (Damte 

et al., 2013; Frey et al., 2003; Pilo et al., 2007). Therefore the objectives of this study 

are: 

 Investigation of in vivo proteins of Mmm from their natural host after 

experimental infection of cattle with pathogenic Mmm 

o In addition, investigation of the bovine PE proteome from cattle with 

CBPP  

 Molecular characterization of in vitro grown Mmm by transcriptomic and 

proteomic approach  

 Establishment of a system for growth of Mmm ex vivo in non-inactivated 

bovine serum and proteomic characterization of Mmm grown ex vivo  
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Chapter 2. Literature review 

2.1 Taxonomy  

Mycoplasmas are very small, wall-deficient prokaryotes, grouped under the class 

Mollicutes referring to “soft skin” (Masover and Hayflick, 1981). The mollicutes have a 

cell envelope consisting solely of a plasma membrane. They are incapable of 

synthesizing cell wall precursors such as muramic and diaminopimelic acids 

(Plackett, 1959). Due to that, mycoplasmas are resistant to penicillin and its 

derivatives. However they are sensitive to lysis by osmotic shock, detergents, 

alcohols, and specific antibodies and complement (Woese et al., 1980).  

Due to their small size and lack of a rigid cell wall, the organisms are able to 

penetrate and grow in the interstices of agar fibrils to produce a characteristic colony 

with a “fried egg” appearance (Masover and Hayflick, 1981). They are Gram stain-

negative (due to lack of cell wall), but constitute a distinct phylogenetic lineage within 

the Gram-stain-positive bacteria (Woese et al., 1980). The emergence of 16S rRNA-

based evidence revealed a phylogenetic relationship between mollicutes and certain 

Gram-stain-positive bacteria in the division Firmicutes and later Murray (1984) 

proposed the separate division Tenericutes for the stable and distinctive group of 

wall-less species that are not simply an obvious subset of the Firmicutes. The 

mycoplasmas belong to the order Mycoplasmatales (Razin and Freundt, 1984), 

Family Mycoplasmataceae and genus Mycoplasma (Brown et al., 2010). 

The genus Mycoplasma is divided into phylogenetic groups on the basis of 16S rRNA 

gene sequence similarities (Johansson and Pettersson, 2002), including an 

ecologically, phenotypically and genetically cohesive group called the Mycoplasma 

mycoides cluster, which includes the type species Mycoplasma mycoides and other 

major pathogens of ruminant animals (Brown et al., 2010), such as M. capricolum 

subsp. capripneumoniae, M. mycoides subsp. capri, M. capricolum subsp. 

capricolum and M. leachii (Cottew et al., 1987; Fischer et al., 2012; Manso-Silvan et 

al., 2009). The genome size ranges from 0.58 to 1.35 Mb. They have low guanine (G) 

and cytosine (C) composition in the DNA, which is about 23-40 % (Chambaud et al., 

1999; Masover and Hayflick, 1981; Mitchell and Finch, 1977, 1979; Nicholas and 

Bashiruddin, 1995). 
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The cell morphology varies including spherical, pear-shaped, spiral and filamentous 

forms. Most Mollicutes species require sterols for growth and incorporate them 

directly in to their single trilaminar cell membrane, which is composed of 

glycoproteins (Kahane and Brunner, 1977), phospholipids, glycolipids (Smith, 1979; 

Smith, 1992), sterols (Rottem et al., 1971) and proteins. Osmotic stability of the cell is 

maintained by cholesterol in the membranes (Masover and Hayflick, 1981; Pollack et 

al., 1997). 

2.2 Pathogenesis of CBPP 

Unlike other pathogens, virulence of mycoplasma is not determined by virulence 

factors such as toxins, cytolysins or invasins expressed by majority of pathogens. 

Rather, intrinsic metabolic pathways of mycoplasma and specific components of the 

outer cell surface mainly contribute to their pathogenicity and assure their survival in 

their host (Bertin et al., 2013; Pilo et al., 2007).  

The mechanisms of disease development by Mmm starts via initial attachment of the 

organism to the host cell. This attachment is facilitated by the surface layer of 

mycoplasma, which is anionic and a glycoconjugate receptor from the host side. This 

enables colonization of the mucosal surface resulting in ciliostasis with subsequent 

breaching of host immune system and establishment of infection (Walker, 1999). As 

reviewed in Razin et al. (1998), Mycoplasma species, including Mmm does not 

penetrate epithelial cells, rather it remains attached to these epithelial cells. The 

mechanism of adhesion for instance in calf epithelial cells is presumed to be the 

partial fusion of the surface exposed epitopes of Mmm with the host cell wall (Pilo et 

al., 2005). Recent observation by Aye and colleagues revealed that binding of Mmm 

is specific to the lung epithelial cells of adult cattle, which is not the case in young 

calves. This finding correlated well with the severe in vivo clinical signs observed in 

lungs of infected adult cattle (Aye et al., 2015). In addition, it has been shown that the 

cytotoxicity of Mmm is dependent on intact adhesion of the pathogen to host cells, 

which is reported to be typical characteristics of virulent strains of Mmm (Bischof et 

al., 2008). The translocation of H2O2 mainly depends on the adhesion between the 

pathogen and host cell (Bischof et al., 2008; Pilo et al., 2007) (Fig. 1). 



 

16 
 

Chapter 2     Litrature review 

Induction of cytokines is in part responsible for acute septicemic form of the disease 

through coagulopathy and widespread vascular thrombosis (Walker, 1999). Pro-

inflammatory cytokines Tumor necrosis factor alpha (TNFα) and Interferon gamma 

(FNγ) and an anti-inflammatory cytokine Interleukin 10 (IL10) significantly increased 

in experimentally infected animals with Mmm (Sacchini et al., 2011). Despite the fact 

that there is huge host tissue damage and intense inflammatory response, the 

organism persists and leads to chronic infection. Latency is common and the 

pathogen evades the host immune system via antigenic variability or biological 

mimicry. Immune response modulation and dissemination of the pathogen occurs 

due to the composition of the outer surface layer of Mmm, which is composed of a 

galactan polymer (Walker, 1999).  

 

Figure 1. Metabolic pathways of Mycoplasma mycoides subsp. mycoides (Mmm) 

possibly involved in virulence (Pilo et al., 2007)  

 

[The mycoplasma is represented in yellow, the host cells in light blue. Glycerol is 

imported in two ways, namely; via membrane-located ATP-binding cassette (ABC) 

transporter system (GtsABC) and the glycerol facilitator factor (GlpF) (Pilo et al., 

2005), both of which contribute to glycolysis resulting in the translocation of reactive 

oxygen species (ROS), which subsequently results in cytotoxicity and cell death (Pilo 
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et al., 2007). Variable surface antigen (Vmm) (Persson et al., 2002) is responsible for 

evasion of host immune defense (Peterson et al., 1995; Sachse et al., 1996), the 

capsular polysaccharide is suggested to play a role in the capacity of persistence and 

dissemination of Mmm in the infected host (March and Brodlie, 2000) and 

lipoproteins induce cytokine production (Herbelin et al., 1994; Muhlradt and Frisch, 

1994). Figure adapted from Pilo et al. (2007)].  

Mmm has been shown to produce two types of polysaccharides: a capsular one, 

namely galactan (Buttery and Plackett, 1960; Plackett and Buttery, 1964), and an 

extracellular one, called  exopolysaccharide (EPS) (Branda et al., 2005). A study 

conducted by Bertin et al. (2013) on the characteristics of purified EPS revealed that 

EPS has an identical β(1−>6)-galactofuranosyl structure similar to Mmm capsular 

galactan. They reported that Mmm strains Afadé and PG1 have two different colony 

variants, namely; Opaque (OP) and transluscent (TR), which are attributed to the 

polysaccharide synthesis. In OP colony variants, the polysaccharides remain 

attached to the cells, making up the capsule, and on the contrary, polysaccharides 

are released into the culture medium as free EPS in the TR colony variants. 

Furthermore, in silico analysis conducted to determine genes, which are responsible 

to produce these polysaccharides revealed the genes: UDP-galactopyranose, UDP-

galactofuranose mutase glf, UDP-glucose 4-epimerase (galE), glucose-1-phosphate 

uridylyltransferase (galU), PTS glucose permeases, phosphoglucomutase (manB) 

and glycosyltransferases (Bertin et al., 2013). These authors suggested the 

investigation of occurrence and and proportion of EPS versus capsule producing 

variants in vivo for better understanding of Mmm pathogenicity,  due to the presence 

of sub-populations in a given ecological niche could lead to bacterial persistence. 

2.3 Epidemiology 

2.3.1 Sources of infection and transmission 

Transmission of the disease occurs through direct contact between infected and 

susceptible animals. In animals with CBPP, Mmm occur in great numbers in varieties 

of tissues such as lung, lymph nodes and body fluids such as pleural fluids, nasal 

discharges, exhaled air and nasal aerosols (Schnee et al., 2011; Totte et al., 2013). 

Therefore, animals can be infected by inhaling droplets disseminated by coughing 
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from the infected animals. In addition, the Mmm has also been detected in the urine 

of infected cattle with the titres of the organism ranging from 10-108 organisms per 

mL of urine (Scudamore, 1976). Spread of infection through urine droplets was not 

fully confirmed. Microorganisms have also been isolated from bull semen and could 

induce vesicular adenitis in bull (OIE, 2009; Stradaioli et al., 1999). In addition, there 

is no evidence of transmission through fomites (inanimate objects such as clothing, 

implements or vehicles) as the organism does not persist in the environment. Since 

some animals can carry the disease without showing signs of illness, controlling the 

spread is more difficult (OIE, 2009, 2015).  

2.3.2 Distribution of the disease 

Contagious bovine pleuropneumonia is widespread in sub Saharan Africa- SSA (Fig. 

2) (Amanfu, 2009; OIE, 2015). In 2014, the OIE declared the following countries free 

from CBPP according to the provisions of the Chapter 11.8. of the Terrestrial Code: 

Argentina, Australia, Botswana, Canada, People’s Republic of China, India, Portugal, 

Singapore, Switzerland and the United States of America (OIE, 2014b). 

 

Figure 2. Distribution of map of CBPP in the year 2013 (Jan-Jun) according to 

OIE (2013)  

2.4 Diagnosis and differential diagnosis 

Diagnosis of CBPP merely on the basis of clinical signs is unreliable due to the fact 

that initial clinical signs are slight or non-existent and it is indistinguishable from other 

causes of pneumonia. Therefore, it is recommended by the OIE that CBPP should be  
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investigated by microbiological, pathological, molecular or serological diagnostic 

methods. Since the pathological lesions of CBPP are distinctive, and pathognomonic, 

abattoir surveillance for CBPP involving lung examination is a practical method for 

disease monitoring (OIE, 2014a).  

Mycoplasma mycoides ssp. mycoides can be isolated from samples taken either from 

live animals or at necropsy. Samples, which could be taken from live animals include: 

nasal swabs or nasal discharges, broncho-alveolar lavage or transtracheal washing 

and pleural fluid collected aseptically by puncture made in the lower part of the 

thoracic cavity between the seventh and eighth ribs. Samples taken at necropsy are: 

lungs with lesions, pleural fluid (‘lymph’), lymph nodes of the broncho-pulmonary 

tract, and synovial fluid from those animals with arthritis. Lung samples should be 

collected from lesions at the interface between diseased and normal tissue (OIE, 

2014a). 

The diagnosis of CBPP can be accomplished by conducting serological tests such as 

indirect haemagglutination test, complement fixation test (CFT), immunoblotting 

(Goncalves et al., 2008), fluorescent antibody test, enzyme linked immunosorbent 

assay (ELISA); isolation and identification of the causative agent (Carter and 

Chengappa, 1993; Muuka et al., 2011; Sidibe et al., 2012) and PCR (Bashiruddin et 

al., 1994). However, sensitivity and specificity of these tests poses a main hindrance 

in detecting infected animals. In addition, none of the serological tests can identify 

disease status at any stage of infection from onset to chronic stage or carrier status. 

Therefore, it is recommended that a combination of tests should be used, particularly 

in areas, where the disease is not endemic (Goncalves et al., 2008; Muuka et al., 

2011; Sidibe et al., 2012). 

The differential diagnoses for the acute form of CBPP are acute bovine 

pasteurellosis, haemorrhagic septicaemia, east coast fever (theileriosis), bovine 

ephemeral fever and traumatic pericarditis. While for the chronic form of the disease: 

ecchinococcosis (hydatid cyst), actinobacillosis, abscesses, tuberculosis and bovine 

farcy could be under the differential diagnosis (OIE, 2009). 
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2.5 Treatment, prevention and control 

Effectiveness of treatment has not been adequately studied. Previously, antibiotic 

treatment is not recommended because it may delay recognition of the disease, 

create chronic carriers and encourage emergence of resistant Mmm strains. The 

methods used for control depend on the epidemiological situation, animal husbandry 

methods in effect and the availability and efficacy of veterinary services in a specific 

country (FAO, 2006; OIE, 2009).  

In the 4th consultative group on CBPP meeting from 6–8 November 2006, at the FAO 

Headquarters in Rome Italy about antibiotic use for CBPP control, it was 

recommended that certain epidemiological senarios such as newly infected herd/ 

area and endemic area be considered during the use of antibiotics. In endemic 

areas, it was suggested that rapid pen-side test followed by laboratory examination, 

should be carried out accompanied by stamping out policy of infected herds. 

However, in endemic areas, it was recommended that all affected cattle should be 

treated with a full course of appropriate antibiotics. Treatment programmes can 

reduce both the prevalence of CBPP and the morbidity, mortality and production 

losses associated with CBPP infection (FAO, 2006; Huebschle et al., 2006). 

In a study conducted by Mitchell et al. (2013) on the treatment of CBPP, they found 

out that gamithromycin, tylosin and tilmicosin are effective in the treatment of CBPP. 

However, gamithromycin is contra-indicated in lactating cows whose milk is intended 

for human consumption. Danofloxacin treatment is reported to reduce lesions and 

mortality, which could be an important approach for the control of CBPP in Africa 

(Huebschle et al., 2006). Strategic and targeted chemotherapy is suggested to part of 

CBPP control (Hubschle et al., 2006). 

The currently available vaccine from T1/44 strain may sometimes cause severe local 

reactions in vaccinated cattle, especially if there is no regular annual vaccination 

(Muuka et al., 2014; Nicholas et al., 2009). In addition, animals may develop the 

disease after vaccination depending up on the route of vaccination. Subcutaneous 

route of administration was found to be safer than intra tracheal administration. 

However, animals vaccinated with the live attenuated T1/44 vaccine could serve as 

potential reservoirs of infection and pose danger to areas, which are hitherto free of 
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the disease (Mbulu et al., 2004). Other than the live attenuated vaccine, subunit 

vaccine composed of a recombinant LppQ-N vaccine resulted in exacerbation of the 

disease pathology after experimental infection of vaccinated cattle. These authors 

recommended that LppQ-N should be excluded from future development of vaccines 

(Mulongo et al., 2013a).  

2.6 Economic significance 

Contagious bovine pleuropneumonia (CBPP) causes high morbidity and mortality in 

cattle, which incurs significant economic loss to cattle owners in SSA (Tambi et al., 

2006). A study conducted by Tambi et al. (2006) revealed the economic costs of 

CBPP and benefits attained in the control in twelve SSA countries. They estimated a 

total loss of 30 million euros (2.5 million per country) attributed to morbidity and 

mortality. However, the total economic costs due to direct and indirect production 

losses together with disease control costs was estimated to be 44.8 million euros (3.7 

million per country). These authors, using their economic model, predicted that, an 

investment of 14.7 million euros could prevent a loss of 30 million euros with a 

positive financial return in CBPP control (Tambi et al., 2006). Other researches in 

different parts of SSA also reported comparable results (Onono et al., 2014). The 

annual cost of CBPP in Africa is estimated to be 2 billion  USD (Otte et al., 2004). 

2.7 Transcriptomics and proteomics 

In recent years, the number of microbial genome sequences available to the public is 

increasing steadily, as the sequencing technologies advance. To date (2015), 3990 

complete bacterial genomes have been included in the NCBI database 

(http://www.ncbi.nlm.nih.gov/genome/browse/). As more genomes are added, it 

becomes easier to elucidate relevant biological processes. However, sequencing 

alone does not provide information about these processes. Therefore, post-genomics 

processes such as transcriptomic and proteomic studies give a better next step 

investigation (Wang et al., 2009).  

A transcriptome is the complete set of all the transcripts (RNAs) present in a given 

cell, evaluated qualitatively and quantitatively at a particular moment of cell 

developmental stage or during a specific physiological condition (Wang et al., 2009). 

Understanding the transcriptome is essential for interpreting the functional elements 
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of the genome and revealing the molecular constituents of cells and tissues. This can 

enable the understanding of disease pathogenesis. During transcriptomic analysis, 

different species of transcripts could be investigated including small RNAs, non-

coding RNAs (ncRNAs) and messenger RNAs (mRNAs). In addition to these, 5’ and 

3’ ends, post transcriptional modifications, differential expressions of genes in 

different conditions could be evaluated (McClure et al., 2013; Wang et al., 2009). 

Irrespective of the transcript length or abundance, an ideal transcriptome analytic 

method could determine the above criterion (Wang et al., 2009). 

The other branch of omics study is proteomics, which deals with large-scale 

determination of gene and cellular function at a protein level. Mass spectrometry 

(MS) has increasingly become the method of choice for analysis of complex protein 

samples. MS-based proteomics is a discipline made possible by the availability of 

gene and genome sequence databases and technical and conceptual advances in 

many areas (Aebersold and Mann, 2003).  

Extensive omic studies have been conducted for the human pathogen Mycoplasma 

pneumoniae (M. pneumonia), which is the model organism for systems biology (Guell 

et al., 2009; Himmelreich et al., 1996; Kuhner et al., 2009; Lluch-Senar et al., 2013; 

Maier et al., 2013; Wodke et al., 2014, 2015; Yus et al., 2009). Mycoplasma 

pneumoniae is the causative agent of atypical pneumonia (Waites and Talkington, 

2004). M. pneumonia complete genome was sequenced by Himmelreich et al. 

(1996). However using different omics approaches, the genome has been re-

annotated by Dandekar et al. (2000). This enabled the identification of new RNAs 

and proteins maximizing the knowledge regarding pathogenicity, secretion, 

transporters and metabolism of M. pneumoniae. As a model organism, a number of 

transcriptomic, proteomic and metabolomic studies were conducted on this bacteria 

to study bacterial and archaeal systems biology. Mycoplasma pneumoniae resource, 

containing a manually annotated metabolic map, full annotations, reactome, 

consistently measured growth curves and gene expression profiles corresponding to 

an extensive list of metabolites, which can facilitate the in depth knowledge of 

integrative systems biology studies has been established (Yus et al., 2009). This 

research group also compared this bacterium with more complex bacteria and 

revealed that M. pneumoniae shows metabolic responses and adaptations similar to 
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more complex bacteria, suggesting the existence of unknown regulatory mechanisms 

in M. pneumoniae.  

A wide omics-scale database (MyMpn database: http://mympn.crg.eu/) comprising of 

genomic, transcriptomic, proteomic and metabolomics data has been developed and 

accessible to the public (Wodke et al., 2015). This database creates a platform for 

providing users information about this pathogen such as: finding genomic features of 

interest, access to experimental and computational datasets to compare this 

pathogen with other pathogens. Such studies significantly contribute to the current 

knowledge of this small pathogen and other species in the mollicutes.  

From mycoplasmas of veterinary importance, transcriptomic analysis  have been 

conducted for the swine pathogens: M. hyopneumoniae, M. flocculare, M hyorhinis 

(Madsen et al., 2006a; Madsen et al., 2006b; Pendarvis et al., 2014; Siqueira et al., 

2014). These transcriptomic studies focused on transcriptional changes during 

infection (Madsen et al., 2008), heat shock (Madsen et al., 2006a) and iron depletion 

(Madsen et al., 2006b). The studies mainly emphasized on unraveling the differential 

expression of M. hyopneumoniae genes during those conditions. Accordingly, they 

listed out genes, which are up or down regulated during infection, iron depletion and 

heat shock and did bioinformatics analysis to determine the putative functions of 

proteins encoded by the differentially expressed genes. Of the highly expressed 

genes in the above conditions were mainly genes encoding for protein transport, 

energy metabolism and translation included transporters, lipoproteins. From their 

comparative analysis of M. hyopneumoniae under different stress conditions, they 

identified a total of 6 possible stress response genes, with the gene names: mhp151, 

mhp152, mhp275, mhp030, mhp176 and mhp337. 

In the past few years progress has been made in the proteomic investigation of 

mycoplasmas affecting different species of animals. Some of these examples include 

Mmm (Jores et al., 2009; Krasteva et al., 2014a; Krasteva et al., 2014b), M. 

hyopneumoniae affecting pigs (Meens et al., 2006b; Pinto et al., 2009), M. 

gallisepticum affecting poultry (Demina et al., 2009), M. agalactiae of small ruminants 

(Cacciotto et al., 2010; Nouvel et al., 2010), M. mobile affecting fish (Jaffe et al., 

2004b) and others. During these studies, particularly in Mmm, the focus was mainly 

the identification of proteins for further targeted analyses of Mmm physiology, 
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pathogenicity and immunity. Incorporation of different field strains to define 

conserved proteins and advance the understanding of Mmm interaction with the 

bovine host (Krasteva et al., 2014a). On the other hand, researches conducted on 

important veterinary mycoplasmas provided insights in membrane organization 

(Cacciotto et al., 2010), products of gene expression and posttranslational 

modifications of proteins (Demina et al., 2009), identification of immunogenic proteins 

(Jores et al., 2009; Meens et al., 2006b; Pinto et al., 2009), investigating dynamic 

nature of Mycoplasmas (Nouvel et al., 2010), for annotation and improvement of 

genome annotation using proteogenomic approaches and discovering novel features 

(Jaffe et al., 2004a; Pendarvis et al., 2014).  
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Chapter 3 Materials and methods 

3.1 Bacterial strains, chemicals and culture conditions 

Strains, primers and plasmids are listed in supplementary (Appendix 1). Chemicals 

were purchased from Carl Roth (Karlsruhe, Germany) or Sigma-Aldrich (Munich, 

Germany), if not stated otherwise. 

For the in vitro study, Mycoplasma mycoides subspecies mycoides strain Gladysdale 

(Mmm GD) was grown in PH medium, a modified Hayflick medium (Chanock et al., 

1962), containing 21 g Bacto PPLO broth (Difco), supplemented with 10 mL/L yeast 

extract (50 % w/v), 5 mL DNA (0.4% w/v), 2000 IU/ mL penicillin and 5 % horse 

serum in final volume of 1 L. Growth was determined in colony forming units per 

milliliter- CFU/mL (Stemke and Robertson, 1982). Serial 10 fold dilutions were plated 

on PH agar plates and incubated for 10 days at 37 °C, subsequently CFU was 

determined. 

The animal infection was conducted using a pathogenic African strain Mmm strain 

B237 (Fischer et al., 2015_Article in press). The number of viable Mmm strain B237 

cells in pleural effusions was determined as CFU/mL by plating tenfold serial dilutions 

from all PE supernatants on PH agar plates. After incubation for 10 days at 37 °C, 

colonies were counted for CFU calculation. To check the growth capability of Mmm 

B237 in pleural effusions, a 5 mL PE sample was incubated for 4 days at 37 °C. As a 

negative control, the same volume of PE was heat inactivated at 60 °C for 30 

minutes. Bacterial numbers were determined by plating out serial tenfold serial 

dilutions on PH agar plates every 24 hs and incubation of plates for 10 days at 37 °C.  

For adaptation of Mmm in non-inactivated bovine serum (ex vivo study), Mmm Afadé 

was used. Non-inactivated bovine serum in this study, refers to a bovine serum, 

which has not been heat inactivated.  

Escherichia coli DH5αF’ was grown in Luria-Bertani (LB) broth at 37 °C with shaking 

at 200 rpm and on LB-agar, both supplemented with 100 µg/mL ampicillin, when 

necessary. 
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3.2 Serum preparation 

Bovine whole blood samples from apparently healthy German cattle (Holstein Fresian 

breeds) were aseptically collected using Monovette blood collection tube (Sarstedt, 

Nümbrecht, Germany). Serum was prepared according to the Manufacturer’s 

instruction. Briefly, after collection of the whole blood, it was allowed to clot by leaving 

it undisturbed at room temperature for 15-30 minutes. The clot was then removed the 

by centrifugation at 2,000 xg for 10 minutes in a refrigerated centrifuge (10 °C). The 

resulting supernatant, i.e. the serum, was immediately transferred into a clean 

polypropylene tube using a Pasteur pipette and filter sterilized using 0.45 µm filter 

membrane. The sterile serum was aliquoted into 25 mL volume and stored at -20 °C 

until use. For comparative purposes, aliquots of serum were heat inactivated at 56 °C 

for 30 minutes  

3.3 Growth of Mmm in non-inactivated bovine serum 

In order to mimic the in vivo situation, Mmm was allowed to grow in non-inactivated 

bovine serum. The amount of serum was increased in a step-wise manner. Briefly, 

Mmm stock culture was inoculated in a medium with 20 % non-inactivated bovine 

serum and incubated for 48 hs with serial dilution every 24 hs to check the status of 

growth. After 48 hs, the culture was transferred to a medium with 50 % non-

inactivated serum and incubated for 48 hs. This was finally transferred to 100 % non-

inactivated bovine serum and allowed to grow for 72 hs. In each of the steps, serial 

10 fold dilution was made and platted on PH-agar plates for CFU determination. 

Variations in the protein composition of Mmm adapted to serum were determined 

using gel electrophoresis accompanied by LC-MS/MS.  

3.4 Animal experiment and sample analysis  

3.4.1 Animal experiment  

The animal experiment was conducted in the International livestock research institute 

(ILRI) in Kenya after an authorization granted by the Ministry of livestock 

Development in Kenya. The guidelines from the French Ministry of Agriculture for the 

Care and Use of Experimental Animals was adopted for the animal experiments.  
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Naïve, male zebu cattle (Bos indicus), 3 years of age, were used in this study after 

confirmation of negativity to CBPP by ELISA. These animals were kept with cattle, 

which were intubated intra-nasally with Mmm strain B237 (Fischer et al., submitted) 

for aerosol transmission. Animals were sacrificed, when they show clinical signs of 

the disease (Totte et al., 2013). 

3.4.2 Processing of pleural effusion samples 

Pleural effusion was collected during post mortem analysis immediately after opening 

the chest. It was cooled down to 4 °C using ice water after collection. Mycoplasma 

mycoides subsp. mycoides cells were separated from the PE by centrifugation, 

followed by filtration and a series of washing steps. Briefly, PE samples were 

aseptically collected and treated as follows: centrifugation at 100 xg, 4 °C for 10 

minutes to remove cell debris or fibrin clots. This was then followed by centrifugation 

at 3000 xg for 30 minutes to pellet the Mmm cells. The pellets were washed three 

times in phosphate-buffered saline (PBS; 150 mM NaCl, 1.5 mM KH2PO4, 9 mM 

Na2HPO4_12H2O, 2.5 mM KCl [pH 7.2]). The supernatant and washed pellets were 

frozen at -80 °C until analysis. Plasma samples from four apparently healthy cattle 

were collected for inclusion as a negative control.  

3.4.3 Polymerase chain reaction (PCR) for pleural effusion samples 

To determine the presence of Mmm strain B237 genomic DNA in the PE samples, a 

PCR was conducted using primers: MMS_A0065fw and MMS_A0065rev. Undiluted 

PLF was used as template. The PCR reaction mix contained 5 pmoles of each 

primer, 0.1 µL HotStar Taq polymerase (Qiagen, Düsseldorf, Germany) 10 mM of 

dNTPs, 10x PCR reaction buffer with MgCl2, 0.1 µL of 10 mM DTT and 5 µL template 

in a final reaction mixture of 50 µL. The PCR cycle was done as follows: 5 min at 95 

°C for first denaturation followed by 30 cycles with 2 min at 95 °C, 1 min at 58 °C and 

2 min at 72 °C for denaturation, annealing and extension, respectively. A final 

extension step of 10 minutes at 72 °C was used. PCR products were analyzed by 

agarose gel electrophoresis according to Sambrook and Russell (Sambrook and 

Russell, 2001). 



 

29 
 

Chapter 3     Materials and methods 

3.5 Proteomic analysis 

3.5.1 Protein clean up and quantification of in vivo samples 

For 1-D SDS-PAGE (1-DE), PLF and plasma protein concentrations were first 

determined using Micro BC Assay protein quantitation kit (Thermoscientific, 

Darmstadt, Germany), according to the manufacturer’s instructions. Pellets were 

resuspended in 500 µL of 1 x PBS and sonicated using Branson Sonifier 450 

(BRANSON Ultrasonics Corporation, Danbury, Connecticut, USA.) at 4 °C, constant 

duty cycle for 15 min with subsequent centrifugation (15,000 x g, 4 °C, 10 min) to 

remove debris. For 2-D SDS-PAGE (2-DE), pleural effusion supernatants and plasma 

samples were precipitated by trichloroacetic acid (TCA) according to the method 

described by Weigoldt et al. (2013). In addition, PE supernatant and plasma samples 

were additionally treated with PlusOne 2-D Clean-Up kit (GE Healthcare, Piscataway, 

USA) and resuspended in standard cell lysis buffer (Weigoldt et al., 2013). Protein 

concentrations were determined using 2D Quant kit (GE Healthcare, Piscataway, 

USA).  

3.5.2 Protein extraction and quantification of in vitro samples 

Mycoplasma mycoides subsp. mycoides strain Gladysdale cells from 500 mL of 12 

and 48 hr cultures were harvested at 15,000 xg, 4 °C for 30 minutes and washed 

twice with PBS. Protein extraction and fractionation as membrane and cytosolic were 

conducted according to the method described by Weigoldt et al. (2011) with minor 

modifications. Briefly, cell pellets were resuspended in PBS with Protease inhibitor 

cocktail complete (Roche Diagnostics, Mannheim, Germany) and mechanically 

disrupted with Hybaid Ribolyser (Hybaid, Cambridge, UK) using 0.1 mm Zirconium 

beads (Biospec Products, Bartlesville, USA) for 12 cycles (at level 5 for 40 seconds) 

with 2 min interval on ice. Lysates were centrifuged at 15,000 xg, 4 °C for 10 minutes 

to remove cell debris and supernatants were centrifuged at 100,000 xg, 4 °C for 2 h 

to separate cytosolic and membrane fractions. Membrane pellets were washed with 

50mM Tris/HCl (pH 8.0) with PI and centrifuged again at 100.000 xg, 4 °C for 1 h and 

finally resuspended in 50 mM Tris/HCl pH 8.0, 0.3 % SDS, 2 % Tergitol NP-40, 50 

mM DTT. On the other hand, the cytosolic fractions were freeze dried using ALPHA 

1-4 LSC freeze dryer (Osterode, Germany) and then resuspended using double 
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distilled water and Protease inhibitor cocktail complete. Protein concentration was 

determined using Micro BC Assay protein quantitation kit (Thermoscientific, 

Darmstadt, Germany). Samples were stored at -80 °C until analysis. 

3.5.3 Protein extraction and quantification of ex vivo samples 

Mycoplasma mycoides subsp. mycoides strain Afadé cells from 25 mL of 72 hr 

cultures were harvested at 15,000 xg, 4 °C for 30 minutes and washed twice (15,000 

xg, 4 °C for 15 minutes) with PBS. The pellets were fully resuspended in 100 μL of 

PBS with Protease inhibitor with pipetting and vortexing. Then they were disrupted 

using ultrasonication for 10 minutes and centrifuged at 15,000 xg and 4 °C for 10 

minutes. Supernatants were used for proteomic analysis.  

3.5.4 Gel electrophoresis and in-gel digestion of protein samples 

Fifty micrograms of protein from each sample were pretreated by in situ alkylation 

according to the method described by (Mineki et al., 2002) with minor modifications. 

Briefly, equal volumes of protein samples and sample loading buffer were mixed and 

boiled for 5 minutes. This was followed by alkylation using 1.5 µL of 40 % acrylamide 

for 20 min. Samples were then immediately loaded on 15 % polyacrylamide gels. To 

avoid horizontal carryover of proteins (Knaust et al., 2012) during electrophoresis, 

only 2 samples were run per gel. For in vivo samples, supernatant and pellets were 

treated individually. Similarly, for in vitro samples, membrane and cytosolic fractions 

for each time point were treated independently and  

2-DE was conducted as described in Buettner et al. (Buettner et al., 2009) by loading 

of 750 mg protein on Immobiline DryStrips pH 3–11, 24 cm (GE Healthcare, 

Piscataway, USA). Second-dimension SDS-PAGE was carried out on 10 % 

polyacrylamide gels. 

Preparative 2-DE gels were stained with colloidal Coomassie G-250 and visualized 

using Delta 2-DE analytic software version 4.0 (Decodon, Greifswald, Germany) 

according to the method described in Kiirika et al. (2014) with three technical 

replicates of PE and plasma. Prominent protein spots were subsequently excised and 

digested with trypsin as described previously (Shevchenko et al., 1996; Weigoldt et 
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al., 2011). Peptide extracts were dried using DNA Speedvac concentrator 

(Thermoscientific, Darmstadt, Germany) for mass spectrometric analysis.  

3.5.5 Protein identification by MALDI-TOF MS and LC-MS/MS analysis  

MALDI-TOF MS analysis was conducted as described by Weigoldt et al. (Weigoldt et 

al., 2013) with an AB 5800 TOF/TOF mass spectrometer (SCIEX, Framingham, MA, 

USA) using the TOF/TOF Series Explorer software (version 4.1.0 build 12, AB 

SCIEX). MS data were searched against the Swiss-Prot Database (download 

19.11.2014) with carbamidomethylation of cysteines, oxidation of methionine, N-

terminal acetylation and cysteine propionamide as variable modification. A precursor 

mass deviation of 100 p.p.m. and 0.5 Da for MS-MS fragments was used. At least 

two peptides with a Mascot peptide ion score higher than 25 were used as a 

threshold for protein identification.  

For LC-MS/MS, 50 µg of protein samples were separated by 1-D SDS PAGE and 

stained with Coomassie. The protein lanes from each sample were excised into 12 

pieces, digested with trypsin and peptides extracted as described elsewhere 

(Shevchenko et al., 1996; Weigoldt et al., 2011), dried, redissolved in 20 µL of 2 % 

ACN and 0.1 % TFA and centrifuged at 13,000 x g. Supernatants were taken for LC-

MS analyses according to Zeiser et al. (Zeiser et al., 2013) on an LTQ Orbitrap Velos 

mass spectrometer (Thermo Fisher Scientific).  

Protein identification was conducted using the Thermo Proteome Discoverer™ 

version 1.4.0 software (Thermo Scientific) and the Mascot search algorithm. For in 

vivo sample analysis, a customized database was generated using the UniProt 

database (release 2014_11), containing 1056 protein entries from Mmm strain 

Gladysdale (CP002107) and a total of 6861 reviewed bovine protein entries (UniProt 

database searched for Bos taurus). However, for in vitro samples, the database 

contained UniProt database Mmm strain Gladysdale (CP002107). Proteins were 

stated as identified if at least two peptides with a peptide score > 30, high peptide 

confidence and a false discovery rate (FDR) of 0.01 were detected. 
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3.5.6 Western immunoblot 

Western immunoblot was conducted on the PLF pellets using rabbit hyper immune 

sera according to the method described by Meens et al. (2006a). Briefly, after 1-DE, 

proteins were transferred on to nitrocellulose membrane and blocked with 0.5 % 

gelatin overnight. The blots were washed 3 times using Phosphate Buffered Saline 

with Tween (PBST) and subsequently incubated with the primary antibody (rabbit 

hyper-immune sera raised against Mmm strain PG1, diluted 1:4000) for 1 h, at room 

temperature on a horizontal shaker. This was again washed 3 times and followed by 

incubation with a secondary antibody composed of goat anti-rabbit IgG conjugated 

with alkaline phosphatase. Blots were developed using 10 mg/mL Nitro-Blue 

Tetrazolium (NBT) and 5 mg/mL Brom-Chlor-Indolylphosphate (BCIP) and pictures 

taken. 

3.6 Transcriptomic analysis 

3.6.1 RNA preparation 

Total RNA samples were prepared from the early exponential (12 h) and stationary 

(48 h) growth phases of 500 mL Mmm GD cultures, harvested by centrifugation at 

15,000 xg, 4 °C for 30 minutes. Pellets were immediately resuspended in 0.5 mL 

RNA later (Qiagen, Düsseldorf, Germany) to maintain RNA stability, stored overnight 

at 4 °C and finally centrifuged at 15,000 xg, 4 °C for 20 minutes. RNA was extracted 

by Trizol® reagent (Invitrogen GmbH, Karlsruhe, Germany) according to the method 

described by the manufacturer. This was followed by in-tube DNase digestion using 

5U of Turbo DNase I (Ambion by life technologies, Darmstadt, Germany) and 

cleaned up with RNeasy Mini kit (Qiagen, Düsseldorf, Germany). DNase digestion 

was conducted twice. The concentration and quality of RNA were determined by 

spectrophotometric analysis (Biotek, Bad Friedrichshall, Germany) at 260nm and 

gelelectrophoresis. 

3.6.2 Strand specific RNA deep sequencing 

Strand specific RNA deep sequencing was used for transcriptomic profiling of Mmm 

GD. Ribosomal RNA was depleted using MICROBExpress bacterial mRNA 

Enrichment Kit (Ambion Cat Nr. AM1905) according to manufacturer’s instructions. 
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RNA-sequencing was conducted according to the method described in Eckelt et al. 

(2015). Briefly, ScriptSeq v2 RNA-Seq Library Preparation Kit was used to create 

strand specific libraries of 300 bp according to the manufacturer’s instruction 

“Protocol for ScriptSeq™ v2 RNA-Seq Library Preparation” (Epicentre 

Biotechnologies, Madison, WI, USA). The quality of the prepared libraries was 

validated using Agilent Bioanalyzer (Agilent Technologies) following the 

manufacturer’s instruction. Illumina cluster station was used for cluster generation 

with subsequent sequencing on the Illumina HiSeq2500 followed a standard protocol. 

The fluorescent images were processed to sequences and transformed to FastQ 

format using the Genome Analyzer Pipeline Analysis software 1.8.2 (Illumina). The 

sequence output (50bp single end short reads) of the HiSeq2500 was controlled for 

general quality features using the fastq-mcf tool of ea-utils (Aronesty, 2011) and was 

mapped against the genome sequence of Mmm GD (CP002107) using BWA v. 0.7.5 

(Li and Durbin, 2009) and SAMtools (Li et al., 2009) for storing nucleotide sequence 

alignments. Three biological replicates of each sample were analyzed. 

Transcriptomic data were analysed using Rockhopper version 1.21 (McClure et al., 

2013) and transcript reads were visualized using Artemis (Carver et al., 2012). 

3.6.3 Complementary DNA (cDNA) synthesis 

The cDNA was synthesized according to (Meissner et al., 2014) with minor 

modifications. Briefly, 2 µg of RNA was mixed with 0.4 µg of random primers 

(Promega, Madison, WI, USA) in a final volume of 20 µL. This was incubated in a 

thermal cycler for 10 min at 70 °C with subsequent cooling on ice for 5 min. A 

mastermix containing 16 µL of 5x reaction buffer (Promega, Madison, WI, USA), 8 µL 

RNase-free water and 4 µL of 10 mM dNTP’s was prepared. RNA samples were 

splitted in to two aliquots (10 µL each) and 14 µL of the master mix were added to 

each of the tubes. Reverse transcription was performed by adding either 200 U 

MMLV-superscript transcriptase (Promega, Madison, WI, USA) or 1 µL RNase free 

water as a negative control. These were incubated for 1 h at 42 °C, followed by 5 min 

at 85 °C. Finally, samples were diluted with 100 µL of RNase-free water and stored at 

-20 °C for further analysis. 



 

34 
 

Chapter 3     Materials and methods 

3.6.4 Quantitative real time PCR (qRT-PCR) 

The qRT-PCR reactions were performed in a total of 20 µL reaction mixture 

containing 10 µL of SyberGreen master mix (Qiagen, Hilden, Germany), 2.5 µL of 

cDNA, 4 µM forward and reverse primers each and 3.4 µL of RNase free water. 

Samples and controls were ran in duplicate on a Mx3005P qPCR system 

(Stratagene, Agilent Technologies, LaJolla, CA, USA). The thermal cycling profile 

was as follows: one cycle of denaturation at 95 °C for 20 minutes (segment 1); fourty 

cycles of: one min at 95 °C, 1 min at 58 °C and 40 seconds at 72 °C (segment 2); 

and one cycle at 95 °C for 1min, 30 seconds at 55 °C and 30 seconds at 95 °C 

(segment 3). Threshold cycle (Ct) values were normalized to the housekeeping gene 

secA (MMS_A0093) and expressed as fold change between 12 and 48 h. Primer 

efficiency was checked for all primer pairs using serial dilutions of genomic DNA in 

qRT-PCR. 

3.6.5 Rapid amplification of 5’cDNA ends (5’-RACE) 

Determination of transcriptional start sites (TSS) was conducted using 5’ rapid 

amplification of the cDNA ends (5’ RACE) according to the method described by 

Scotto and his colleagues (Scotto-Lavino et al., 2006) using gene specific primers 

(GSPs) for Mmm GD. RNA was initially treated with terminator™ 5´-phosphate-

dependent exonuclease (TEX, Epicentre, Madison WI, USA), according to the 

manufacturer’s instructions, to enrich primary transcripts. Terminator™ 5´-phosphate-

dependent exonuclease treated RNA was used to synthesize cDNA using GSPs 

(rMMS_A0933-1 and rMMS_A1021-1). MN NucleoSpin Gel and PCR clean up kit 

(Macherey and Nagel GmbH, Düren, Germany) was employed to purify the cDNA 

according to the kit’s protocol. This was followed by poly A tailing using terminal 

deoxynucleotidyl transferase (TdT, Invitrogen, Life Technologies, Darmstadt, 

Germany). The tailed cDNA was then amplified using nested GSPs-2 (rMMS_A0933-

2 and rMMS_A1021-2) with the universal primers QT and QO (Scotto-Lavino et al., 

2006). A second round of PCR amplification was conducted using GSPs-3 

(rMMS_A0933-3 and rMMS_A1021-3) in combination with QI primer (Scotto-Lavino 

et al., 2006). Final PCR products were cloned into pJetTM1.2 (Thermo Scientific, 

Lithuania) and transformed in E. coli. Three independent clones were subsequently 
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sequenced (Seqlab, Göttingen, Germany). Primers used for 5’ RACE and plasmid 

sequencing are listed in (Appendix 1). 

3.7 Bioinformatics  

3.7.1 Mycoplasma proteins 

For the genome evaluation of Mmm, Blastable database of genes of MmmGD were 

created and used to identify homologous genes by an all-against-all BlastN analysis. 

For the RNA sequencing analysis, unique mapped sequence reads were filtered 

using XT: A:U flag in BWA sequence alignment files. This method excludes the 

multireads (repetitive sequences) and enables to identify unique mapped reads only. 

Transcriptomic data were analysed using Rockhopper version 1.21 (McClure et al., 

2013). Genes with a q-value ≤ 0.01 were considered as significantly differentially 

expressed. Transcript reads were visualized using Artemis (Carver et al., 2012). Heat 

maps for the differentially expressed genes was conducted using MayDay analytic 

platform for data analysis and visualization (Battke et al., 2010). Nucleotide and 

protein sequence alignments were conducted using Clone manager version 9 

Professional edition (Scientific and educational software, Morrisville, USA) and 

Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/), respectively 

Putative functions of Mmm genes/ proteins (from in vitro and in vivo samples) were 

determined using Blast2Go tool (Conesa et al., 2005) and the cluster of orthologous 

groups (COG) database (http://www.ncbi.nlm.nih.gov/sutils/coxik.cgi?gi=385). 

Moreover, an updated version of Database of essential genes (DEG 10) was used for 

homologous search of essential genes (Luo et al., 2014).  

The predicted localization of identified mycoplasma proteins was determined using 

the CBS prediction server (http://www.cbs.dtu.dk/services/) programs LipoP 1.0 

(Juncker et al., 2003) for lipoproteins, SignalP 4.0 (Petersen et al., 2011) for secreted 

proteins and THMM v. 2.0 (Krogh et al., 2001) for transmembrane proteins. In 

addition, lipoproteins were also predicted using PRED-LIPO (Bagos et al., 2008).  
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3.7.2 Bovine proteins 

Gene ontology (GO) analysis and functional categorization of the identified proteins 

was performed with protein analysis through evolutionary relationships (PANTHER) 

classification system (Mi et al., 2013). Search for human homologous proteins was 

performed using the g:Convert program. For GO-term enrichment, g:Cocoa with a 

significance level of P < 0.001 and Bonferroni correction was used. Both programs 

belonged to the g:profiler tool kit (Reimand et al., 2011). Homologs of identified 

bovine proteins were searched in the human Plasma Proteome Database (PPD) 

(Nanjappa et al., 2014). Analysis of identified PE proteins for their possible role in 

innate immunity networks and pathways was done using InnateDB (Breuer et al., 

2013), only pathways with a significance level of P < 0.001 were considered. 

3.8 Statistical analysis 

Graphpad Prism 5 (Version 5.04) software was used for the statistical analysis. For 

analysis of relative abundance of proteins in the plasma and PLF, t- test was used at 

95 % confidence level and a fold change of 1.5 as a cut off value for differential 

abundance.  
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Abstract 

Mycoplasma mycoides subsp. mycoides (Mmm) is the causative agent of contagious 

bovine pleuropneumonia (CBPP), a severe pleuropneumonia in cattle. The abnormal 

accumulation of pleural fluid, called pleural effusion (PE), is one of the characteristics 

of this disease. We performed a proteomic analysis of seven PE samples from 

experimentally infected cattle and characterized their composition with respect to 

bovine and Mmm proteins. We detected a total of 963 different bovine proteins. 

Further analysis indicated a strong enrichment of proteins involved in antigen 

processing, platelet activation and degranulation and apoptosis and an increased 

abundance of acute phase proteins. With regard to the pathogen, up to 108 viable 

mycoplasma cells per ml were detected in the PE supernatant. The proteomic 

analysis revealed 350 mycoplasma proteins, including proteins involved in virulence-

associated processes like hydrogen peroxide (H2O2) production and capsule 

synthesis. The bovine proteins detected will aid to characterize the inflammasome 

during an acute pleuropneumonia in cattle and the identified mycoplasma proteins 

will serve as baseline data to be compared with in vitro studies to improve our 

understanding of pathogenicity mechanisms. Based on our results, we named the 

pleural effusion an “in vivo niche” of Mmm during the acute phase of CBPP. 

Biological significance: This is the first study on bovine pleural effusions derived from 

an infectious disease and the first approach to characterize the proteome of 

Mycoplasma mycoides in vivo. This study revealed a high number of viable Mmm 

cells in the pleural effusion. The bovine pleural effusion proteome during Mmm 

infection is qualitatively similar to plasma, but differs with respect to high abundance 

of acute phase proteins. On the other hand, Mmm in its natural host produces 

proteins involved in capsule synthesis, H2O2 production and induction of 

inflammatory response, supporting previous knowledge on mechanisms underlying 

the survival and virulence of this pathogen while inside the natural host. This 

knowledge forms a profound basis for testing the identified protein candidates for 

diagnostics or vaccines. 

Key words: CBPP, in vivo, pleural effusion, proteomics, Mycoplasma mycoides 

subsp. mycoides 
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Introduction 

Despite the epidemiology of CBPP, lack of sensitive and specific diagnostic tests and 

immunogenic vaccines make the control and eradication of this disease challenging 

(Egwu et al., 2012; OIE, 2009; Tardy et al., 2011). In order to have specific and 

sensitive diagnostic tests, effective drugs and vaccines, the genome of the causative 

agent should be well characterized. Studying the molecular aspects of the organism 

is essential so as to understand the virulence mechanisms of Mmm, through 

identification of genes and/ or proteins responsible for survival, replication and 

pathogenicity of the organism. This would enable the identification of potential 

candidates for the production of sensitive and specific diagnostic tests and vaccines 

(Damte et al., 2013; Pilo et al., 2007). 

Genome sequencing enables to understand the relevant biological processes and 

simplifies post-genomic investigation such as transcriptomics and proteomics (Liu et 

al., 2012a; Wang et al., 2009). In several mycoplasma species; genomic, 

transcriptomic, proteomic and metabolomic studies were conducted to identify 

potential targets for diagnostic tests, therapeutics and vaccines (Damte et al., 2013; 

Liu et al., 2012b; Meens et al., 2006b; Pinto et al., 2007). Certain researches have 

been conducted on the proteomic analysis of mycoplasma species in the M. 

mycoides cluster, with particular emphasis on Mmm (Jores et al., 2009; Krasteva et 

al., 2014a; Krasteva et al., 2014b). However, such detailed analysis comprising 

transcriptomic, proteomic and metabolomics studies remain to be elucidated.  

Therefore the aim of this study is to describe the transcriptome and proteome of 

Mmm strain Gladysdale (Mmm GD) during in vitro growth in standard culture 

conditions from the early logarithmic and stationary growth phases. We used different 

bioinformatics tools to investigate the organism’s character in these phases of growth 

under standard growth conditions (Fig. 3). This data can be used as a baseline data 

for comparative, functional and molecular biological studies with the organisms of the 

M. mycoides cluster in the future.  
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Figure 3. Illustration of transcriptomic and proteomic characterization of Mmm 

GD work flow  
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Results 

Growth curves 

Genome sequence of Mycoplasma mycoides subsp. mycoides strain Gladysdale 

(Mmm GD) is published (Wise et al., 2012). To characterize the transcriptome and 

proteome of Mmm GD during in vitro growth in standard medium, we first defined the 

early logarithmic and stationary growth phases. Figure 4 shows the typical growth 

curve with exponential, stationary and senescence phases, a maximal titer of 6.7 x 

108 and a doubling time (Tds) of the 2.6 h during exponential growth. Based on this 

curve, samples for transcriptomic and proteomic analysis were harvested at 12 h 

(early exponential phase) and at 48 h (early stationary phase). 

 

 

 

 

 

 

 

 

Figure 4. Growth curve of Mmm strain Gladysdale (Mmm GD) as colony 

forming units per milliliter (CFU/mL).  

[Three biological replicates and the arrows represent time points used for RNA and 

protein extraction (bars indicate standard errors)]. 

Genome evaluation 

Sequence analysis of Mmm type strain PG1T is reported to have a very high 

proportion of repetitive sequences (29 %) within the genome (Westberg et al., 2004). 

Since a comparably high degree of redundancy would strongly influence the 
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(CP002107.1) for homologous genes by an all-against-all BlastN analysis (See 

materials and methods).  

The current annotation of the Mmm GD genome (CP002107) has a genome size of 

1,193,808 bases and comprises 1136 gene entries, including 2 rRNA operons, 30 

tRNA genes, 4 miscellaneous RNA´s and 1 pseudogene (MMS_A1043), resulting in 

a total of 1095 (putative) protein coding sequences (Wise et al., 2012). These 1095 

coding sequences (CDS) represent 1056 different protein species in the Uniprot 

database (release 2014_11). Our Blast analysis was performed with a Bit-score cut-

off value of 200 and identified 3378 pairs of homologous sequences within 288 

different open reading frames (ORF´s). The length of the alignments varied between 

105 and 2895 base pairs with identities between 81 and 100 %. The total length of 

these repetitive sequences constitutes 242,8 Kb (20,5 %) of the genome. Areas of 

lower homology and intergenic regions were not considered.  

Next, we subdivided the 288 ORF´s containing repetitive sequences into groups of 

paralogous genes, yielding 55 groups with 2 to 70 members (Appendix 2). As in 

Mmm strain PG1, the majority of repetitive sequences consists of IS elements. The 

four largest groups comprise full-length and truncated copies of the transposase 

genes of the three IS elements described for Mmm, IS1296 (Frey et al., 1995), 

IS1634 (Vilei et al., 1999) and ISMmy1 (Westberg et al., 2002). The transposase 

gene of IS1634 is present in 42 full-length and 28 truncated copies, annotated as IS4 

family transposase or as conserved domain protein in Mmm GD (CP002107.1). 

IS1296 contains two ORF´s, called ORF-A and ORF-B, encoding proteins of 180 and 

310 amino acids, respectively (Frey et al., 1995). In Mmm GD, homologous genes 

are present in 31 (ORF-A, 16 full-length and 15 truncated) and 36 (ORF-B, 13 full-

length and 23 truncated) copies, respectively. The third insertion element, ISMmy1 

(AY036086, 1671 bp), is present in six full-length and three truncated copies . 



 

47 
 

Chapter 4     Results Part II 

Transcriptomic analysis 

RNA samples from three biological replicates of Mmm GD cultures in early 

exponential (12 h) and stationary growth (48 h) phase were isolated. After quality 

control (Fig. 5) and depletion of ribosomal RNA, strand-specific barcoded cDNA 

libraries were generated and sequenced on the Illumina HiSeq2500 system.  

 

 

 

 

 

 

Figure 5. BTPE* gel electrophoresis of Mmm GD RNA samples  

 

[2µg of each RNA sample was mixed with 18 µL of glyoxal buffer (Burnett, 1997) and 

incubated for 1 hour at 55 °C for denaturation of the secondary RNA structures. This 

was later mixed with 2 µL of RNA loading dye (RNA mix), ran on 1.5 % BTPE gel for 

2.5 h and visualized using UV-imager. The running conditions are: 50V for the first 

1hr followed by 75V and for 1:30 hours]. *BTPE contains 300 mM Bis-Tris, 100 mM 

PIPES, 10 mM EDTA of pH 8.0  

The deep sequencing output consisted of more than 233 million reads with a specific 

length of 50 nucleotides, ranging between 2.8 x 107 to 5.6 x 107 for the particular 

libraries. Due to the high proportion of repetitive sequences in the genome of Mmm 

GD, we applied a stringent quality processing of the reads and excluded all reads 

mapping completely to repeat regions (so-called multireads). The remaining 30-35 % 

reads in six libraries could be mapped to unique positions in the genome without any 

mismatch within the 50 nucleotides read length (Table 1). These unique data sets 

were further analyzed using the Rockhopper analysis software (McClure et al., 2013).  

A. Mmm GD 12 h sample-1 
B. Mmm GD 12 h sample-2 
C. Mmm GD 12 h sample-3 
D. Mmm GD 48 h sample-1 
E. Mmm GD 48 h sample-2 
F. Mmm GD 48 h sample-3 

A        B        C        D      E       F 

23S- 

16S- 
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Table 1. Total number of raw and unique mapped reads in RNA sequencing of 

Mmm GD  

sample Raw reads (a) 

Mapped 

reads (b) 

Mapped 

reads (%) 

Unique-

mapped 

reads (c) 

Unique-

mapped reads 

(%) 

GD_12-1 37,680,777 34,748,945 92.22 12,098,245 32.11 

GD_12-2 56,487,581 52,751,133 93.39 16,899,407 29.92 

GD_12-3 28,339,297 27,375,070 96.60 9,479,832 33.45 

GD_48-1 43,399,674 42,013,299 96.81  13,101,836 30.19 

GD_48-2 36,845,261 35,473,002 96.28 12,865,919 34.92 

GD_48-3 30,517,803 29,390,159 96.30 10,450,573 34.24 

(a) Reads from the whole dataset of RNA reads including multireads, (b) Reads 

from the whole dataset of RNA reads including multireads but after removing 

low quality reads, (c) Unique mapped reads excluding multireads. Numbers 1-

3 indicate the biological replicates. GD- Mmm GD  

Transcriptomic data were submitted to the European Nucleotide Archive (ENA) under 

accession number PRJEB9677 (http://www.ebi.ac.uk/ena/data/view/PRJEB9677). 

Gene expression 

Transcription levels were calculated by Rockhopper in reads per kilobase per million 

mapped sequence reads (RPKM) values. Gene expression was computed by the 

Rockhopper software in Reads per kilobase per million mapped sequence reads 

(RPKM) values. As indicated in (Mortazavi et al., 2008), an RPKM value of 1 was 

considered robust for a gene with a size of 2 kb. Therefore, RPKM 1 was used to 

describe the transcription of a gene.  

Among 1135 annotated genes, 1003 showed RPKM values ≥1 at both time points, 18 

had RPKM = 0 at one time point and transcripts from 114 genes were not detected at 

both time points. From these 114 genes, all except one belong to members of the 

paralogous genes (Fig. 6A). Since multireads mapping to these genes have been 

removed, their expression was analyzed separately (Fig. 6B) and ~ 60 % of these 

genes had unique RNA reads and are therefore transcribed.  
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A       B 

 

 

 

 

 

 

Figure 6. The expression of genes (in RPKM value) in the early logarithmic and 

stationary phases:  

(a) all genes (1135 genes); (b) the paralogous genes only (288 genes)  

To determine the differential expression of genes in the early logarithmic and 

stationary growth phase, variance of gene expression was estimated by Rockhopper. 

The variance of gene expression was calculated as the sample variance of the 

gene’s expression across the replicates and this depends on the expression level 

(McClure et al., 2013). Accordingly, the variance of gene expression was directly 

proportional to gene expression (Appendix 4).  

Rockhopper analysis revealed a total of 81 annotated protein coding genes with a q-

value < 0.01. Fold change values of gene expression were calculated using the 

expression values at 12 h vs. 48 h determined by Rockhopper analysis. Thirty-four 

genes had a fold change of ±2 and of these, 19 genes were higher expressed during 

early exponential phase (12 h) and 15 genes during stationary growth phase (48 h). 

RNA-seq data were confirmed by qRT-PCR using cDNA from 12 and 48 h for 

selected genes with significant differential expression values. The heat map showing 

the 34 differentially expressed genes with a fold change of ± 2 is shown in Fig 7.  
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Figure 7. Heat map of the 34 differentially expressed genes with a fold change 

of ± 2 (RPKM values transformed to log 2) 

Rockhopper predictions 

A total of 227 multi-gene operons were predicted by Rockhopper (Appendix 5) with 2 

to 20 genes per operon. In total, 721 of the 1135 annotated genes (63.5 %) are 

members of these putative operon structures. The probability that consecutive genes 

on the same strand are co-transcribed are predicted by Rockhopper based on the 

distance in nucleotides between the genes and the similarity of the genes’ expression 

in the RNA-seq data using a naive Bayes classifier (McClure et al., 2013). 

From the 1135 annotated genes of Mmm GD (Wise et al., 2012), the Rockhopper 

predicted TSS for 664 of the genes. Of these TSS, 322 genes were predicted to be 

on the plus strand and the remaining 342 genes from the minus strand. In addition, 

58 predicted RNAs, were also identified using the Rockhopper analysis software with 

their TSS (Fig. 8 and Table 2).  

5.86  12.11 8.98  

12 h      48 h 
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Figure 8. Screeenshot of Mmm GD transcriptome analysis as per Rockhopper 

software  

[Genes expressed from the + (blue track) or – (red track) strands, UTRs (the first pink 

line), differentially expressed genes (the first green line), novel RNAs (the second 

green line), multigene operons (the second pink track), gene sequence (the third pink 

track) and whole genome sequence (the last track). The names on the left side 

indicate Mmm GD at the memtioned time point of 12 and 48 h with the three 

biological replicates for each]. 
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Table 2. Summary of Rockhopper analysis 

Computing transcript boundaries...  

 Number of 5'UTRs:    354 

 Number of 3'UTRs:    238 

 Number of predicted RNAs:    58 

 Number of predicted RNAs (not antisense):   33 

 Number of predicted RNAs (antisense):   25 

Computing differential gene expression...  

 Number of differentially expressed protein coding genes: 81 

Computing likely operons...  

 Number of gene-pairs predicted to be part of the same operon: 494 

 Number of predicted multi-gene operons:   227 

Transcriptional start site (TSS)  

 Genes transcribed from the + Strand 322 

 Genes transcribed from the  - Strand 342 
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Functional categorization of differentially expressed genes using bioinformatic 

tools 

Differentially expressed genes were functionally categorized by using cluster of 

orthologous groups (COG) and Blast2Go tool (Conesa et al., 2005). In total, the 

Mmm GD undertakes 52 metabolic pathways, as per the analysis using Blast 2 Go. 

Of these 52 pathways, the differentially expressed genes are involved in 17 pathways 

(Table 3 and Appendix 6). Accordingly, 8 genes code for proteins involved in 

galactose, fructose, and mannose metabolism. In addition to the blast2go, Database 

of Essential Genes- DEG (Luo et al., 2014) was also used for determining, if the 

differentially expressed genes are also essential genes. The DEG includes different 

species of bacteria including M. genitallium and M. pulmonis. Therefore, we 

conducted the search for the essential genes only using these two mycoplasma 

species (Table 4). 

Table 3. Pathways for the differentially expressed genes from Rockhopper 

(B2Go) 

Pathways Number of genes  ≠enzymes 

Galactose metabolism 8 3 

Fructose and mannose metabolism 8 3 

Glycolysis / Gluconeogenesis 7 2 

Starch and sucrose metabolism 7 2 

Amino sugar and nucleotide sugar metabolism 7 2 

Pentose phosphate pathway 6 1 

Ascorbate and aldarate metabolism 6 1 

Purine metabolism 4 3 

Thiamine metabolism 3 1 

Cysteine and methionine metabolism 2 2 

Pyruvate metabolism 1 2 

Vitamin B6 metabolism 1 1 

Glycerophospholipid metabolism 1 2 

Propanoate metabolism 1 1 

Pyrimidine metabolism 1 1 

Glutathione metabolism 1 1 

Glyoxylate and dicarboxylate metabolism 1 1 
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Table 4. Number of genes and sequences which have homologous sequences 

with the genes in DEG 

Total protein-coding genes in the given sequence 1056a 81b 34c 

No. of genes having homologs with DEG 390 33 17 

In DEG, the No. of genes having homologs sequence 1272 123 67 

aTotal number of predicted protein coding genes in Mmm strain Gladysdale (Wise et 

al., 2012); dDifferentially expressed protein coding genes with q-value < 0.01; 

cDifferentially expressed protein coding genes with fold change ± 2 

According to the DEG analysis, 8 of the essential genes having homologies (with fold 

change ≥ 2) in the DEG are highly expressed during the logarithmic growth phase 

and 9 are highly expressed during the stationary growth phase (with fold change ≤ -2) 

(Table 6). 

Predicted localizations of proteins coded by the differentially expressed genes 

Determination of predicted localizations of proteins coded by the differentially 

expressed genes was conducted using different prediction programs (Bagos et al., 

2008; CBS, 2014; Juncker et al., 2003; Petersen et al., 2011; Rey et al., 2005; 

Server, 2013; Yu et al., 2011) as stated in the materials and methods. The predicted 

localization of the proteins coded by the differentially expressed genes is depicted in 

Fig. 9.  
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Figure 9. Predicted localizations of proteins coded by the significantly 

differentially expressed genes in standard growth condition 

As can be seen in Fig. 9, most of the differentially expressed genes were cytosolic 

proteins, however transmembrane and secreted proteins were also identified. A total 

of 4 genes were found to have signal sequences. 

Experiments confirming Rockhopper results 

RT-PCR of differentially expressed genes 

In order to confirm the results of the RNA-seq data, RT-PCR was conducted using 

cDNA from 12 and 48 h for selected genes with significant differential expressions. 

Accordingly, comparable results were observed between the RNA-seq and RT-PCR 

(Fig. 10). 

 

 

 

 

 

 

Figure 10. Comparison of RNA-seq and RT-PCR (12 h Vs 48 h) 
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5’- RACE 

Transcriptional start sites (TSS) were predicted for a total of 664 genes using 

Rockhopper software. Of these 664 genes, 322 were from the plus strand and 342 

from the minus strand. To confirm the TSS experimentally, 5’ RACE was conducted 

according to the method described by Scotto-Lavino et al. (2006) for the genes 

MMS_A0933 (purA) and MMS_A1021. According to the 5’-RACE result, the TSS for 

MMS_A1021 is located 20 bases downstream of the predicted TSS by the 

Rockhopper (Fig. 11A). On the other hand, the TSS for purA is located 15 bases 

upstream of the predicted TSS by the Rockhopper (Fig. 11B). 

A 
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Figure 11. Rockhopper transcriptional site (TSS) prediction and 5‘-RACE 

confirmation. [(A) MMS_A1021 gene, (B) MMS_A0933 gene]  

Rockhopper prediction 5‘-RACE 
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Proteomic analysis 

The current Uniprot database (release 2014_11) contains 1056 entries specific for 

Mmm GD. Twenty-five of these entries are not encoded by unique open ORFs, but 

the corresponding ORF´s are present in 2 to 6 copies, 64 ORF´s in all (Appendix 7).  

To determine the proteome of Mmm GD, we first analyzed total cell lysates harvested 

at 12 and 48 h. In a second experiment, we fractionated the total cell lysate from 12 

and 48 h by ultracentrifugation into cytosolic and membrane proteins prior to 1-DE 

and tryptic digestion and LC-MS/MS analysis on an LTQ Orbitrap Velos mass 

spectrometer (Fig 12).  

A     B 

  

 

 

 

 

 

 

 

Figure 12. 1-DE of Mmm GD whole cell lysate (A) and fractionation as cytosolic 

and membrane (B) 

C12h- cytosolic fraction at 12 h; M12h- membrane fraction at 12 h; C48h- cytosolic 

fraction at 48 h; M48h- membrane fraction at 48 h;  
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A       B 
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Figure 13. Total number of identified putative Mmm GD proteins 

[(A) whole cell lysate (B) samples after fractionation as membrane and cytosolic, (C) 

data from whole cell lysate and fractionated samples analyzed together]. 

The fractionation of samples enabled the identification of more number of proteins 

(428 versus 558), (Figs 13 A and B). In total, we identified a total of 565 Mmm 

putative predicted proteins (546 at 12 h and 497 at 48 h) from Mmm grown in 

standard PH medium (Fig 13 C).  

Predicted localizations of these detected proteins were identified using different 

prediction methods stated in materials and methods (Fig. 14). 
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Figure 14. Predicted localizations of identified proteins during logarithmic and 

stationary growth phases 

Majority of the detected proteins were cytosolic proteins. As expected, even though 

we separated the cytosolic and membrane fractions and analyzed them separately, 

the transmembrane proteins were underrepresented. 

In addition to looking for the predicted localizations of these proteins, the predicted 

putative functions these proteins was conducted using B2Go and COG (Fig. 15).  

 

 

 

 

 

 

 

 

Figure 15. Putative functions of the identified proteins by LC-MS/MS at 12 and 

48 h 
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Comparative analysis 

When we compared the results of the RNA-seq and proteomic analysis, we found out 

that 122 genes at 12 h and 124 genes at 48 h had no unique RNA reads. Of these 

genes with RPKM value 0, in both time points, only 2 genes in each time point did not 

belong to the group of paralogous genes. All the genes, with RPKM value 0 and with 

no protein detection belong to the group of paralogous genes.  

Description about the comparative RNA-sequence and proteomic analysis of 

genes/ proteins of the paralogous group 

Due to the fact that we used stringent method to identify mRNA reads without 

including the multireads, we could loose information about these genes (which can 

be clearly seen from the Rockhopper analysis, where we got a total of 114 genes 

with RPKM value of 0). In order to rule out the possibilities of losing information about 

gene expression, we did this in-depth analysis comparing the RNA reads from RNA-

sequencing data, genome sequence, and peptide identification and alignment with 

the protein sequence. For that we used: (i) Artemis  for reading the RNA-seq result 

and search for unique RNA reads, (ii) Clone manager and Clustal Omega for 

alignment of DNA and protein sequences, respectively of the paralogous families (iii) 

Proteome discoverer to identify the peptide sequences recovered from the samples. 

Finally, comprehensive analysis was done to look for differences in the DNA and 

protein sequences amongst the the family of similar paralogous groups and 

corresponding unique mRNA reads and unique peptides were investigated.  

The following were the outcomes of thse analyses:  

1. Transcription and translation: Transcription and translation confirmed based 

on RNA sequencing and LC-MS/MS, respectively. In this case, the RNA 

sequencing revealed unique mRNA reads and in the proteomic analysis, unique 

peptides coded by these genes were detected. Thefore, if a paralogous group will 

be categorized in this group if it has unique mRNA read(s) and if the LC-MS/MS 

analysis detects unique peptide sequence(s). For e.g. MMS_A0221 and 

MMS_A0526 are paralogous genes with 98 % sequence homology. We used 

artemis program to load the mRNA reads of the RNA-seq result from the whole 

dataset (with the allowance of 1 mismatch during the sequence mapping, which 
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allows the mapping of redundant reads) and uniquely mapped reads (with no 

mismatch during RNA-seq reading to exclude the redundant reads: see materials 

and methods). Accordingly, we were able to remove the redundant regions and 

observe the unique regions (Fig. 16A and B). Next, we did nucleotide alignment 

of these genes to look for differences in the DNA sequence of the respective 

regions, which was confirmed with high signal intensity in the regions with single 

nucleotide polymorphism (SNP). This indicates the transcription of this gene (Fig. 

16D and E). This allowed us to confirm that the uniquely mapped reads belong to 

the regions, where there were base changes. Furthermore, to see if these genes 

were also translated to their respective proteins, we looked in to the peptide 

sequences identified by mass spectrometry and searched in the protein 

sequences. The identified peptides were unique peptides, which belong to the 

unique regions in both of the proteins (Fig. 16C). Therefore, we concluded that 

these genes were transcribed and the proteins coded by these genes were 

translated. A total of 51 proteins at 12 hours and 46 proteins at 48 h belong to 

this group, where transcription and translation was confirmed by the presence of 

unique RNA reads and unique peptides. 

2. Transcription but no translation: In this scenario, there are unique mRNA 

reads during RNA sequencing, however, there was no peptide detected during 

LC-MS/MS. In this example took the genes MMS_A0947 and MMS_A0960. We 

observed the unique mRNA reads as mentioned above and the nucleotide 

sequence alignment showed compared for base pair change in two positions 

(they have a total of 99 % homology). However, there was no peptide identified 

by Mass spectrometry. Therefore, we could conclude that these genes were 

transcribed at RNA level, but their proteins might have not been translated or 

were below the detection limit of the method we used (Fig 17A and B). In this 

category fall a total of 42 genes/ proteins at 12 h and 43 genes/ proteins at 48 h. 

3. Transcription and translation doubtful: Members of the paralogous group 

have homologies up to 100 % depending on the different families. Therefore, 

when mass spectrometry is conducted, peptides could be identified, which can 

match to different proteins in the group. Therefore a paralogous group having 

unique mRNA read, however with a non unique peptide from LC-MS/MS analysis 

is categorized in this group. For this example, we looked at four genes belonging 

to the same paralogous group (MMS_A1063, MMS_A1069, MMS_A1076 and 
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MMS_A1077). Locus tags MMS_A1063 and MMS_A1069 refer to the genes 

galE-1 and galE-2, respectively. The genes galE-1 and galE-2 have only 1 SNP 

and that region is unique to galE-1 only, but the region is similar for the genes 

galE-2 and MMS_A1077. Gene MMS_A1077 is truncated at the 3’ end and it is 

homologous to galE-1 and galE-2, with one SNP to both genes. Gene 

MMS_A1076 is truncated at the 5’ end and the remaining part is 100 % 

homologous to genes galE-1 and galE-2 (Fig. 18A). Therefore, when we 

observed at the RNA sequencing result, we saw that unique mRNA reads were 

detected for the genes galE-1 and MMS_A1077. Perhaps due to the redundant 

nature of the gene sequences of galE-2 and MMS_A1076, we observed that 

there were no unique mRNA reads to these genes, unlike the genes galE-1 and 

MMS_A1077 (Fig 18C-E). With regards to the proteins coded by these genes, 

unique peptides were observed only for the GalE-1 (which has similar protein 

entry with GalE-2. i.e both genes code for similar protein even though they are 

different genes with different locus tags_refer Appendix 3). However, peptides 

matching to all proteins belonging to this protein were also detected (Fig 18B). 

Therefore, the proteins might or might have not been translated, which in this 

case, is difficult to confirm. In this category, there were a total of 27 

genes/proteins were detected at 12 h and 12 at 48 h. 

4. No transcription and no translation: In this group, there were no unique mRNA 

reads and no peptides (not even non-specific peptide) detected. A total of 58 

genes at 12 h and 81 genes at 48 h. A total of 88 different genes coding for a 

total of 13 different types of proteins with 62 entries in Uniprot 

 

The lists of paralogous genes and their UniProt accession numbers in the above 6 

categories are present in Appendix 3. 

Considering the above mentioned facts about the paralogous groups of genes, 

proteomic data was analyzed twice (protein identification in every case was made as 

mentioned in the materials and methods with 2 peptides per protein, score of 30, high 

peptide confidence and FDR of 0.05). At first, grouping of proteins was enabled 

based on unique peptide sequences and ignoring proteins without unique peptides. 

This method enables identification of the minimum number of proteins that are 

definetly present based on the detection of unique peptides are detected by LC-
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MS/MS. This grouping will result in the detection of proteins one master protein with 

unique peptides in the paralogous groups and all redundant proteins, which are only 

identified by shared peptides, are summarized into groups by the Proteome 

Discoverer program. Proteomic data of these proteins were separately compared 

with transcriptomic data of all open reading frames to be considered (Fig 13 A-C). 

However, we used another method of identifying proteins by disabling protein 

grouping. In this case, all proteins, whose peptides are present in the sample 

regardless of the uniqueness of the peptide sequences, will be counted and this 

allows detecting the maximum number of proteins present in the sample, merely 

based on the presence of atleast 2 peptides (Table 5). 

Table 3. The minimum and maximum number of proteins detected at 12 and 48 

h 

  

Samples 

No. of proteins with 

protein grouping 

No. of proteins without 

Grouping 

1 12 h whole cell lysate 369 417 

2 12 h fractionated 544 593 

3 48 h whole cell lysate 406 429 

4 48 h fractionated 461 495 

Total at 12 and 48 h 565 629 

As can be seen in Table 5, the total number of proteins detected with unique 

peptides were 565 and the maximum number of proteins were 629. In the 565 

proteins detected, there were 11 groups of proteins coded by genes belonging to the 

paralogous groups. These 11 groups had one master protein and the remaining 

proteins with non specific peptide detection are included under this master protein. 

Therefore, when the grouping function of the Proteome discoverer program is 

disabled, we can see the proteins, which were included under the 11 groups of 

proteins, which make the maximum number of identified proteins to be 629. 



 

 
 

6
4
 

A         B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 

 

 

 

 Non-unique  
reads 

 Unique reads 
i 

iv 

ii 

vi 
v 

vii 
iii 

i 

ii 
iii 

iv 
vi v 

vii 

MMS_A0221       RKGLEELETSTKL I KPEDMKNYYRSIYTGD 150 
MMS_A0526       RKGLGELEASTKL I KPEDMKNYYRSIYTGD 150 
                             * * * * : * * * : * * * * * * * * * * * * * * * * * * * * * 

 Underlined aa sequence represents unique peptides 
identified by LC-MS/MS 

C
h
a
p
te

r 4
  

 
 

 
R

e
s
u
lts

 P
a
rt II 



 

 
 

6
5
 

D              E 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Example of paralogous genes with transcription and translation  

[RNA-seq reads with whole dataset and unique mapped reads for genes (A) MMS_A0221 and (B) MMS_A0526; (C) unique peptides 

coded by these two genes (98 % homology), which were detected by LC-MS/MS are underlined and the red fonts indicate the 

differences in the protein sequences of these two paralogous proteins; (D) gene sequence alignment with single nucleotide 

polymorphisms (SNPs) indicated by highlight and arrowed numbers; (E) Nucleotide positions in Mmm GD genome. Numbers i-vii 

indicate SNPs in these two regions and also represent the numbers indicated in Figures A, B and D]. 

Note: For all Artemis images: green tracks indicate RNA reads from the minus strand and red tracks indicate reads from the plus 

strand. In addition, the tracks on top of Artemis images indicate RNA reads from the whole dataset without removing repetitive 

sequences and the lower tracks represent unique dataset without the repetitive sequences.  

No. MMS_A0221 MMS_A0526 

i. 240848 556435 

ii. 241018 556446 

iii. 241150 556460 

iv. 241159 556484 

v. 241183 556493 

vi. 241197 556625 

vii. 241208 556795 
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Figure 17. Example of paralogous genes with transcription but no translation 

[The genes have 99 % homology with 2 base exchanges (with no change on the amino acid sequence). There are unique mRNA 

reads but no peptides detected on LC MS/MS [RNA-seq reads with whole dataset and unique mapped reads for genes (A) 

MMS_A0947 and (B) MMS_A0960; (C) gene sequence alignment with single nucleotide polymorphisms (SNPs) indicated by the 

highlights]  
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MMS_A1063       EVFSSNKIDVVIYLAGLIKVGESVQKPLDYYQTNILGLINTLKIMQAHNVNYFVFSSSAA 120 

MMS_A1069       EVFSSNKIDVVIYLAGLIKVGESVQKPLDYYQTNILGLINTLKIMQAHNVNYFVFSSSAA 120 

MMS_A1077       EVFSSNKIDVVIYLAGLIKVGESVQKPLDYYQTNILGLINTLKIMQAHNVNYFVFSSSAA 120 

                ************************************************************ 

 

MMS_A1063       VYGNNSRHNGYFYEDDPKEPCSPYGRTKYFGEEIIKDFAIANPNFHYTFLRYFNVAGASK 180 

MMS_A1069       VYGNNSRHNGYFYEDDPKEPCSPYGRTKYFGEEIIKDFAIANPNFHYTFLRYFNVAGASK 180 

MMS_A1077       VYGNNSRHNGYFYEDDPKEPCSPYGRTKYFGEEIIKDFAIANPNFHYTFLRYFNVAGASK 180 

                ************************************************************ 

MMS_A1063       VYGNNSRHNGYFYEDDPKEPCSPYGRTKYFGEEIIKDFAIANPNFHYTFLRYFNVAGASK 180 

MMS_A1076       ------------------------------------------------------------ 

                                                                             

  

MMS_A1063       SKRIGYLTKDNNKPTHLIPAISYFAFGLTDQFSIFGSDYNTKDGTCIRDYVYVCELAELH 240 

MMS_A1076       ------------------------------------------------------------ 

                                                                             

 

MMS_A1063       LLTAQKMVKENCNLYYNIGSGKGFSNLEIIKEFEKQLGYKLNIDIAPKRSGDPDVLVASN 300 

MMS_A1076       ------MVKENCNLYYNIGSGKGFSNLEIIKEFEKQLGYKLNIDIAPKRSGDPDVLVASN 54 

                      ****************************************************** 

 

MMS_A1063       TKLCQELNYKIKTNIKDIVESEIAFRKAHLKNKE 334 

MMS_A1076       TKLCQELNYKIKTNIKDIVESEIAFRKAHLKNKE 88 
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 Non-unique  

reads 

 Unique  

reads 

 Non-unique  

reads 

 Unique reads 

Unique position on the gene  galE-1 MMS_A1077 

▼ 1115110 1130097 

 

▼ 

▼ 

Figure 18. Transcription and translation doubtful 

 (A) DNA sequence alignment of paralogous group of 4 

genes MMS_A1063 (galE-1), MMS_A1069 (galE-2), 

MMS_A1076 and MMS_A1077; (B) Protein sequence 

alignment for the mentioned genes. Underlined 

sequences indicate peptides identified by LC-MS/MS; 

Bold sequence indicates unique peptides identified by 

LC-MS/MS; (C) mRNA reads for galE-1; (D) mRNA 

reads for galE-2; (E) mRNA reads for MMS_A1076 and 

MMS_A1077; (F) Unique positions on genes galE-1 and 

MMS_A1077 indicated by ‘▼’ and the numbers are the 

positions on Mmm GD genome (CP002107) 
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The current investigation of transcriptome and proteome of Mmm strain Gladysdale 

revealed different features of the organism, which have never been investigated 

before. This study is the first dealing with transcriptomic and proteomic analysis in 

the M. mycoides cluster and integrating genomic, transcriptomic, proteomic and 

bioinformatic tools to determine the functions, gene expression patterns and 

essentiality of genes during standard in vitro growth conditions (Table 6). 
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Table 4. Summary of the 34 differentially expressed genes in relation to their COG category and fold change in gene 
expression 
Gene 
names Locus tag Description qValue  

Fold 
change  

Predicted 
localizations COG 

Homologus 
gene in DEG LC-MS/MS  

- MMS_A0627 conserved hypothetical protein 1,27E-36 -4,6 Cytosolic No COG No Not detected 

- MMS_A0252 ABC transporter, ATP-binding protein 5,06E-05 -2,6 Cytosolic E Yes Detected 

rnhB MMS_A0477 ribonuclease HII 1,78E-07 -2,4 Cytosolic L Yes Not detected 

metK MMS_A0541 methionine adenosyltransferase 0,00117265 -2,3 Cytosolic H Yes Detected 

- MMS_A0519 DEAD/DEAH box helicase 0,00349512 -2,3 Cytosolic J Yes Detected 

- MMS_A0253 ABC transporter, permease protein 1,71E-04 -2,3 TM E Yes Detected 

- MMS_A1057 ABC transporter, permease protein 7,48E-04 -2,2 TM E Yes Detected 

- MMS_A0678 conserved hypothetical protein 0,00153562 -2,2 Secreted No COG No Detected 

- MMS_A0517 conserved hypothetical protein 0,00253713 -2,2 Cytosolic R No Not detected 

- MMS_A1056 bacterial extracellular solute-binding protein, family 5 0,00558327 -2,1 Secreted E No Detected 

- MMS_A1055 conserved hypothetical protein 4,26E-04 -2,1 Cytosolic No COG Yes Detected 

- MMS_A0542 CutC family protein 1,94E-04 -2,1 Cytosolic P No Detected 

- MMS_A0655 efflux ABC transporter, permease protein 0,00419805 -2 TM No COG Yes Detected 

- MMS_A0544 phosphomannose isomerase type I 2,41E-05 -2 Cytosolic G No Detected 

- MMS_A0254 ABC transporter, permease protein 0,00274609 -2 TM E Yes Detected 

- MMS_A0939 ribonucleoside-diphosphate reductase, beta subunit 9,14E-04 2 TM F Yes Detected 

- MMS_A0290 transporter, major intrinsic protein (MIP) family protein 1,78E-09 2 TM G No Detected 

mgtE MMS_A0192 magnesium transporter 2,07E-09 2 TM P Yes Detected 

- MMS_A0185 conserved domain protein 8,75E-10 2 TM No COG Yes Not detected 

pdxB MMS_A0034 4-phosphoerythronate dehydrogenase 1,18E-08 2 Cytosolic C No Detected 

- MMS_A0422 hypothetical protein 1,34E-08 2,1 Cytosolic No COG No Not detected 

trmB MMS_A0191 tRNA (guanine-N(7)-)-methyltransferase 2,51E-10 2,1 Cytosolic R Yes Detected 

- MMS_A0186 conserved domain protein 2,20E-10 2,1 TM G Yes Not detected 

- MMS_A0053 hypothetical protein 4,74E-12 2,1 TM No COG No Not detected 

- MMS_A0958 conserved hypothetical protein 5,70E-15 2,2 TM G Yes Not detected 

- MMS_A0188 glycosyl hydrolase, family 31 5,59E-06 2,2 Cytosolic G No Detected 

- MMS_A0187 phosphotransferase system, EIIB 2,64E-06 2,2 TM G No Not detected 

- MMS_A0959 phosphotransferase system, EIIB 2,00E-06 2,3 TM G Yes Not detected 

- MMS_A0775 ABC transporter, permease family protein 2,96E-13 2,3 TM No COG No Not detected 

- MMS_A0773 ABC transporter, ATP-binding protein 1,34E-08 2,3 Cytosolic V Yes Detected 

- MMS_A0292 FAD dependent oxidoreductase 1,56E-06 2,4 Cytosolic R No Detected 

- 
MMS_A0913 phosphoenolpyruvate-dependent sugar  

phosphotransferase system, EIIA 2 
7,88E-47 4 TM G No Detected 

pfkB MMS_A0914 1-phosphofructokinase 3,07E-110 4,7 Cytosolic G No Detected 

- MMS_A0915 transcriptional regulator, DeoR family 2,86E-165 6,3 Cytosolic G No Detected 
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[C] Energy production and conversion; [E] Amino acid transport and metabolism; [F] 

Nucleotide transport and metabolism; [G] Carbohydrate transport and metabolism; 

[H] Coenzyme transport and metabolism; [J] Translation, ribosomal structure and 

biogenesis; [L] Replication, recombination and repair; [P] Inorganic ion transport and 

metabolism; [R] General function prediction only; [V] Defense mechanisms. *TM- 

Transmembrane protein. Fold change was calculated using expression value at 12 

h divided by the expression at 48 h. 

From the 34 differentially expressed protein coding genes, only two of them 

(MMS_A0958 and MMS_A0959) belong to similar paralogous group. However, all 

the rest are unique protein coding genes present in only one copy.  

Most of the differentially expressed protein coding genes are involved in 

carbohydrate transport and metabolism (COG group G, 10 genes) and are mainly 

those genes, which are higly expressed during the exponential phase of growth. On 

the otherhand, proteins involved in amino acid transport and metabolism are coded 

by genes mainly significantly expressed during the stationary phase of growth (COG 

group E, 5 genes). Two of the proteins detected are predicted to have signal peptides 

and therefore secreted proteins (MMS_A0678 and MMS_A1056) and both are 

significantly highly expressed in the logarithmic phase. Fifteen of the proteins are 

predicted to have membrane domains.  
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Discussion 

Contagious bovine pleuropneumonia has been eradicated from most developed 

countries. However, it is still a threat due to nature of the organism, which remains in 

the sequestra of lungs of affected cattle and small ruminant reservoirs (Egwu et al., 

2012; OIE, 2009, 2014b; Tardy et al., 2011). This necessitates in-depth investigation 

of the pathogen’s biological processes for better prevention and control of this 

disease. Therefore, in our current study, we characterized the molecular aspects of 

Mmm strain Gladysdale during in vitro growth at transcriptomic and proteomic levels 

using strand specific deep RNA sequencing and LC-MS/MS, respectively. 

Accordingly, we identified differentially expressed genes, TSS, multigene operons, 

ncRNAs, 5’ and 3’ UTRs at a transcript level. Furthermore, at a protein level, we 

detected 50 % of the total predicted proteins during similar in vitro growth conditions.  

Studies based on RNA-seq have resolved interesting questions about biological 

processes in the bacterial cell; they have also contributed to genomics, allowing 

better quality annotation. For example, mapping the transcript to the reference 

genome reveals the true start codon of the protein (Pinto et al., 2011). Moreover, 

transciptomic studies enable to define the molecular characteristics such as 

quantification of gene expression at a particular moment in cell developmental stage 

under a specific physiological condition, identification of ncRNAs, small RNAs, TSSs, 

gene structures and post-transcriptional modifications (McClure et al., 2013; Wang et 

al., 2009). These are believed to be attained using state-of-the-art transcriptomic 

analysis (McClure et al., 2013; Wang et al., 2009). RNA sequencing data is reported 

to be highly reproducible with few differences between technical replicates (Marioni et 

al., 2008). In accordance with this, we were able to qualitatively and quantitatively 

characterize the transcriptome of Mmm strain Gladysdale during exponential and 

stationary growth phases under standard in vitro growth condition from three 

biological replicates of RNA samples (for each growth phase).  

Gene expression profiles of Mmm GD during in vitro growth at logarithmic and 

stationary growth phases were investigated in our current study and we revealed that 

~90 % genes of Mmm GD were expressed at different levels with slight differential 

expression of genes. Even though the cut off RPKM value to determine gene 

expression is still controversial, we used RPKM value of 1 as a cut off value based on 
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the report by (Mortazavi et al., 2008). A total of 114 of genes were not expressed 

(RPKM= 0) and 113 of these genes belong to members of the paralogous group. Due 

to their repetitive nature, the result of RNA sequencing could be influenced and this 

has been previously reported that repetitive sequences in an organism pose 

considerable problem in analyzing RNA-sequencing data (Treangen and Salzberg, 

2012). Therefore to tackle this problem, we used stringent method of selecting gene 

expression in the data analysis of the RNA sequencing result, which allows the 

detection of unique reads. Even though this number (114) seems to be high, all the 

genes in this group code for only 16 different type of proteins, mainly the transposase 

groups (Appendix 3). This explains partially, why this number is high. However, 

inorder not to miss important information on gene expression, we implemented 

genomic, transcriptomic and proteomic approaches to interprete the result. The 

absence of gene expression for remaining one gene (Locus Tag- MMS_A0714, 

conserved hypothetical protein), could be explained according to Guell et al. (2009), 

who reported that for transcripts, where only a few copies are present in the sample, 

the sites where the transcript was cleaved or those less prone to be amplified may 

not be covered in deep sequencing data. Due to this, gaps in sequence coverage 

could be encountered in genes with low expression levels.  

According to the Rockhopper analysis, 81 genes had significant differential 

expression in these growth phases, and of these, 34 had a fold change cut of value 

of ± 2. The differentially expressed genes could be due to the stress caused by the 

limitation of nutrients in the media, stress from the decline in pH of the media or by-

products of metabolism, which influence gene expression and bacterial survival 

(Arunasri et al., 2014; Gaurivaud et al., 2014; Navarro Llorens et al., 2010). 

Therefore, these genes could have a potential role in the survival of Mmm strain 

gladysdale in adverse conditions and hence, could be candidate genes for 

diagnostics, vaccins or drugs. The data combined with the availability of genes in the 

DEG may systematically reduce the number of genes that could be tested in the 

future through the inclusion of essential genes for bacterial survival as candidates for 

the functions mentioned above. As stated in Navarro Llorens et al. (2010), better 

knowledge of the stationary state and the metabolites produced in it would facilitate 

its manipulation for our own benefit. The factors, which led to differential gene 

expression in vitro, in a certain way could be compared to in vivo stress conditions, 
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faced by the organism from the host immune response. We therefore recommend 

testing of the immunogenic potential of these differentially expressed genes for 

identifying targets for diagnostics or vaccines.  

At a proteomic level, half of the putative predicted proteins were detected using mass 

spectrometric analysis from the early logarithmic and stationary growth phases. The 

absence of a specific protein or enzyme does not mean that the corresponding 

cellular function is lost due to the fact that some cellular proteins or enzymes have 

overlapping specificities, or may have closely related, analogous functions (Grosjean 

et al., 2014). The functional analysis using Blast 2 Go confirms this hypothesis in that 

proteins representing multiple functional categories were identified comprising many 

metabolic pathways, which may have key roles in the growth of Mmm in vitro. This 

finding is in agreement with the findings of Krasteva et al. (2014a), who had similar 

observations.This result is well explained due to the fact that Mycoplasma expression 

and adaptation is complex even in the absence of host-imposed selective pressure 

requiring a further systematic investigations of Mmm expression and function 

including inter-strain comparisons (Krasteva et al., 2014a). Based on these 

recommendations, we believe that future comparative analysis using our proteomic 

and transcriptomic data would enable better understanding of the pathogen.  

In our current study, we attempted to enrich the membrane proteins of Mmm GD 

using ultracentrifugation. By doing so, we identified 40 % of the total predicted 

membrane proteins. In a review by You et al. (2006), it is mentioned that the host 

immune system mostly recognizes surface proteins of organisms. Moreover, 

enrichment of membrane proteins has been widely used for identification of potental 

diagnostic and /or vaccine candidates in various bacterial species (Corona et al., 

2013; Xiong et al., 2010). On the otherhand, secreted proteins are also found to have 

potential immunogenicity. Different investigators used secreted proteins for 

production of immunogenic vaccines such as for Mycobacterium tuberculosis 

(Andersen, 1994), group A Streptococcus (Lei et al., 2000), Salmonella Enteritidis 

(Nandre and Lee, 2014), etc. We detected two secreted proteins in this study 

(conserved hypothetical protein: MMS_A0678 and bacterial extracellular solute-

binding protein, family 5: MMS_A1056) with significantly high differential gene 

expression during the logarithmic phase of growth. The putative function of 

MMS_A1056 is amino acid transport and metabolism and both have homologies in 
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the DEG. Therefore, the membrane and secreted proteins, which were identified in 

the current study, particulary with differential gene expression, could have 

considerable significance for the aforementioned purpose and could be given 

particular emphasis for further investigation of their function. 

Mycoplasmas do not have cell wall. However, there are a number of liportoteins 

anchored to the outer face of the plasma membrane. These proteins are called lipid 

associated membrane proteins (LAMPs) (You et al., 2006). In a review by (You et al., 

2006), it is stated that LAMPs are highly antigenic and may undergo variations such 

as phase or size variation. In addition, these LAMPs: are recognized by the innate 

immune system via Toll-like receptors (TLR) 2 and 6, resulting in the modulation of 

the immune system and induction of apoptosis or cell death. In our current proteomic 

study, we identified 64 % of the lipoproteins produced by Mmm strain Gladysdale.  

To our knowledge, there has not been comprehensive data on Mmm transcriptome 

and proteome. Reverse vaccinology and the “OMICS” era offer tools to narrow down 

the number of molecules to be tested as vaccine candidates, through identification of 

virulence traits using comparative genomics, in vivo proteomics and transcriptomics 

(Jores et al., 2013). Therefore, we strongly believe that this data could be used as an 

initial step in the molecular characterization of this pathogen in vitro and future 

functional or metabolic studies, particularly, comparative analysis with in vivo 

samples, could be conducted and compared with the results of this data to achieve 

the goals of finding better vaccines, diagnostics and therapeutic agents.  

In conclusion, our study revealed for the first time, transcriptome and proteome 

profile of Mmm GD during the logarithmic and stationary phases of growth in vitro in 

standard growth medium. Gene expression profiles of Mmm GD in these growth 

phases was analyzed. In addition molecular characteristics; such as operons, 

ncRNAs, TSSs, 5’ and 3’ UTRs of Mmm GD were determined. Using genomic, 

transcriptomic, proteomic and bioinformatic analysis, we detected genes with 

significant differential expression in this in vitro condition from the two phases, which 

code for transmembrane and secreted proteins having homologies in the DEG 

indicating their relevance in the survival of the pathogen in this in vitro system. Their 

predicted localization could have a greater chance of recognition by the host immune 

system. These criteria could be used to select suitable targets for vaccines, 



 

77 
 

Chapter 4     Results Part II 

diagnostics or drugs in the future. Above all, this data can be used as a baseline data 

for future comparative studies with the pathogen adapted in vivo or grown under 

stress conditions so as to get better targets for the development of better vaccines, 

diagnostics or therapeutic agents.  
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Results Part III 

Step-wise adaptation of Mycoplasma mycoides subspecies mycoides strain 

Afadé in non-inactivated bovine serum and associated proteome changes 
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Introduction 

In order to survive the wide multitude of host defense mechanisms including 

phagocytosis and antimicrobial peptides, bacteria device different strategies such as 

capsule synthesis to evade recognition and survive in the blood (March and Brodlie, 

2000; Marshall et al., 1995). Antigenic variation (Citti and Rosengarten, 1997; 

Rosengarten and Wise, 1990), synthesis of membrane proteins to block complement 

binding and modification of cell surface properties are some mechanisms of bacteria 

to evade the host immune system, depending on the pathogen involved (Coombes et 

al., 2004; Rautemaa and Meri, 1999; Rooijakkers and van Strijp, 2007). We detected 

some of Mmm proteins involved in these defense mechanisms such as capsule 

synthesis proteins from pleural effusion (PE) of cattle affected with CBPP (Results 

Part I). This finding improved the current knowledge about Mmm evasion of host 

immunity. In addition to that, we found virulence associated proteins of Mmm from 

the PE of infected cattle for the first time. However, to study the virulence of the 

pathogen and identify potential targets, which can be used for vaccines or 

diagnostics, experimental infection of animals is the state of the art technology. It has 

been stated that, in no area can animal testing yet be completely replaced (Ashton et 

al., 2014). However, this method could be difficult to implement in some ways. 

The use of animals as test models started more than 60 years ago (Scholz et al., 

2013). Animal models have been used for a variety of purposes and some of these 

examples include the study of disease pathophysiology, drug mechanism of action, 

drug discovery and biomarker study (McGonigle and Ruggeri, 2014). The use of 

animal models in studying risk assessment is still believed to be the “gold standard” 

(Scheel and Brekelmans, 2007). However, the idea of using alternative approaches 

through 3R models referring to Replace, Reduce or Refine animal tests (Russell et 

al., 1959) is also getting attention due to the fact that these 3R models could also be 

scientifically robust, economically feasible and ethical as compared to the use of 

animal models (Russell et al., 1959; Schiffelers et al., 2014). Some of the 3R non-

animal methods, which have been proven to be helpful include: creation of 

comprehensive and widely accessible databases from previously conducted 

researches, use of human cell assays, use of high-throughput studies, and in vitro 

and in silico modeling of bioavailability (Ashton et al., 2014). Biological fluids such as 

blood, which mimic in vivo situation, have also been used to characterize bacterial 
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survival and replication strategies and moreover, to identify potential vaccines or 

therapeutic targets (Samant et al., 2008). Substantial progress is needed in the 

development of methods to replace, reduce and refine animal experiments through 

3R approach (Ashton et al., 2014)  

With the idea of implementing a 3R model for Mmm infection, we based our approach 

of growing Mmm in the PE from cattle with CBPP, which we named it as the in vivo 

niche of this pathogen (Results part I). Even though the volume of pleural fluid (PLF) 

from healthy cattle has not been determined so far, PLF from other species such as 

sheep, pig, rats and human is found to be low (ranging from 0.02-0.6 mL/kg) under 

normal conditions (Broaddus et al., 1991; Miserocchi et al., 1984; Noppen et al., 

2000). Based on that, we assumed that the volume of PLF from healthy cattle may 

also not be large enough to be used as an alternative media substrate for studies 

involving Mmm and sample collection could also be difficult. We therefore focused 

our current study in using a comparable body fluid (in terms of composition) to PLF 

such as plasma or serum. Since plasma contains certain anticoagulants, which are 

not components of the body, we used serum from healthy cattle in this current study, 

to mimic in vivo situation, to investigate the growth and to determine the proteomic 

profile changes in Mmm. This sample can be collected with minimum pain to the 

animal, without affecting the welfare of the animal and without compromising the 

sample quality.  

Serum, mainly horse serum is an important component of Mmm media. However, 

previous researches showed that different species of mycoplasma such as M. 

pneumonia, M. fermentans, M. pulmonis and M. hominis (Kenny, 1967) were not able 

to grow on non-inactivated bovine serum (neither fetal, nor calf serum). Therefore, 

the aim of this study is to develop a (3R) method for growing Mmm in anvironment, 

which mimicks in vivo situation using non-inactivated bovine serum and conduct 

proteomic analysis to define proteins, which are synthesized in this condition.  
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Results 

Growth of Mmm in non-inactivated bovine serum 

Based on the results of our in vivo study, we found out that in vivo adapted Mmm can 

survive and replicate in the PE (Results part I). However, in order to study the 

bacterial transcriptomic and proteomic changes using PLF as a media substrate from 

healthy cattle could be challenging (due to the presumably less volume of PLF from 

healthy cattle based on the results from other species of animals and human). 

Therefore, in order to substitute the PLF for further investigation, plasma or serum 

could be used as an alternative, due to the comparable proteomic composition. 

However, plasma contains anticoagulants, which are not natural components of the 

body such as EDTA, Heparin, etc. Therefore, we used non inactivated bovine serum 

from apparently healthy Holstein Friesian cattle from Germany.  

Mycoplasma mycoides subsp. mycoides strain Afadé (Mmm Afadé) was used for this 

experiment. We did the preliminary investigation using 50 µL of 100 % non-

inactivated and heat inactivated bovine serum and inoculated it with 103 CFU Mmm 

(non inavtivated serum refers to bovine serum without heat treatment- refer materials 

and methods for preparation). As a positive control, standard PH media with 5 % 

horse serum was used. These were platted out on standard PH agar media. 

However, the Mmm did not grow after 2 hs of incubation in non inactivated bovine 

serum.  

To observe this for a longer period of time (up to 144 hs), we used 25 mL of non 

inactivated bovine sera and a positive control using standard PH media with 5 % 

horse serum. The cultures were incubated for a total of 6 days and serial dilutions 

wer performed every 24 hs to determine the bacterial number (Fig. 19) 
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Figure 19. Lethal effect of non-inactivated bovine serum to Mmm strain Afadé  

As can be seen in Fig. 19, all the Mmm Afadé died out within 24 hs of inoculation in 

non-heat inactivated bovine serum. Due to this, we conducted a step-wise adaptation 

of Mmm Afadé with an increasing percentage of non-inactivated bovine serum. For 

that experiment, Mmm Afadé was first allowed to grow in a PH media with 20 % non-

inactivated bovine serum. At 48th h, it was transferred to a PH media with 50 % non-

heat inactivated bovine serum and incubated. On the last step, after 48 hs in 50 % 

non-inactivated bovine serum, transfer was finally made to 100 % non-inactivated 

bovine serum. In each step, serial dilution and plating out was performed for 

determining the growth pattern (Fig. 20)  
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A      B 
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Figure 20. Step-wise adaptation of Mmm in non-inactivated bovine serum.  

[(A) First step, growth in 20 % non-inactivated bovine serum, (B) Second step, growth 

in 50 % non-inactivated bovine serum; (C) third step growth in 100 % non-inactivated 

bovine serum. Arrows (   ) indicate the time points used for inoculation of the next 

step (three biological replicates); stars (   ) indicate time points used to extract protein 

samples for proteomic analysis] 

The results of growth in 100 % non-inactivated bovine serum after a step-wise 

adaptation process indicated that, Mmm Afadé was able to survive in the serum 

longer, than without adaptation. However, even though the Mmm Afadé survived 

longer, it did not replicate and we speculated that the absence of replication or the 

stationary type of growth could also be due to the initial inoculum of the bacteria, 

which matches with the stationary growth phase. So we tried to prove this using 

lower initial inoculum (Fig. 21). 

 



 

85 
 

Chapter 4     Results Part III 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Growth curve of a step-wise adapted Mmm Afadé in 100 % serum 

with a low initial inoculum  

However, even though Mmm Afadé was grown in a non-inactivated bovine serum in 

a step wise manner, when the initial bacterial number is lower than 104 CFU/mL in 

100 % serum, growth is significantly retarded or totally abolished.  

Proteomics of Mmm grown in non-inactivated serum 

In order to see, proteomic changes in the Mmm Afadé grown in non-inactivated 

serum compared to the pathogen grown in the standard media, we harvested cells at 

72 hrs from cultures in 20 %, 50 % and 100 % serum, with their respective PH 

controls and extracted protein for SDS gel electrophoresis, Western blot and Mass 

spectrometry. The western blots were conducted using sera from Afadé infection 

experiment and rabbit hyper immune sera raised against Mmm strain PG1. 

Representative gel and western blot images are presented in Fig. 22 and 23, 

respectively. 

 

 

 



 

86 
 

Chapter 4     Results Part III 

 

 

 

 

 

 

Figure 22. 1-DE and coomassie stain of Mmm Afadé grown in different 

concentrations of non-inactivated bovine serum and the respective controls in 

PH media.  

Arrows indicate few specific protein bands/regions, where differences were observed 

between Afadé grown in non-inactivated bovine serum and PH media. These unique 

protein bands were analyzed by mass spectrometry. The proteins from the above 

regions on the gel, indicated by the arrow were individually processed (trypsin 

digestion and peptide extraction) for mass spectrometry. Data were analyzed as 

follows: 

1. 50 % Serum: Bands (a) and (f)  

2. 100 % Serum: Bands (b), (c), (d) and (g)  

3. For the band at 35 kDa: Bands (a) and (b) 

4. All bands together: a total of (a) – (g) samples  

Accordingly, Bovine and Mmm proteins were detected in each sample (Table 7). 

Table 5. Total number of identified Mmm and bovine proteins from Mmm grown 

in non-inactivated bovine serum 

 

Growth media 

 

Bands 

Mmm 

proteins 

Bovine  

proteins 

 

Total 

50 % Serum (a) and (f) 157 46 203 

100 % Serum (b), (c), (d) and (g) 179 128 307 

35 kDa: Bands (a) and (b) 116 36 152 

Total (a) – (g) 235 135 370 

1. Afadé in 20 % serum  

2. Afadé in PH media  

3. Afadé in 50 % serum  

4. Afadé in PH media  

5. Afadé in 100 % serum  

6. Afadé in PH media  
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In all these protein bands, a total of 370 proteins were detected. The cell pellets from 

all cultures for protein analysis were washed twice in PBS. However, we observed 

that there were bovine proteins (135 out of 370 identified proteins), which might have 

stuck to the Mmm cells (Appendix 8). In order to evaluate the reasons for the 

detection of these bovine proteins despite the fact that the cell pellets from serum 

grown cultures were washed, we compared the result with a bacteria grown in a 

standard PH media containing 5 % inactivated horse serum and analyzed the 

presence of Equine proteins. Our results revealed that, from 12 and 48 h in vitro 

cultures in a standard media, 145 equine proteins were detected. Most (92 out of 

145) of these proteins were uncharacterized proteins of Equus caballus. Even though 

the amount of horse serum (5 %) used in standard PH media is lower than the 

amount of bovine serum (50–100 %) used, we checked if these proteins were 

abundant plasma proteins by searching their gene ontology (GO term extracellular 

space-GO:0005615, which comprises plasma proteins). Accordingly, 92 proteins 

belong to the human plasma proteome and 66 proteins have a GO-ECS. Of these 

128 proteins, 30 proteins belong to the human plasma proteome and had a GO-ESC. 

However, abundant plasma proteins such as serum albumin, serotransferrin and 

haemoglobin were also detected.  

As can be seen in the Fig. 22, one of the protein bands, with a molecular weight of 

~35 kDa was repeatedly observed with high intensity from a 50 % (Band ‘a’) and 100 

% serum cultures (Band ‘b’). Mass spectrometric analysis of these bands (Bands ‘a’ 

and ‘b’) gave a total of 152 proteins, of which 116 were Mmm and 36 bovine proteins. 

These bands represent a total of 4 individual bands analyzed from three different 

samples.  

From the 152 proteins, 12 proteins were present in all of the samples, with 10 bovine 

and 2 Mmm proteins (Table 8).  
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Table 6. Proteins detected in the protein bands ‘a’ and ‘b’ from Mmm grown in 

non-inactivated bovine serum  

UniProt 

Accession 

Gene name/ 

Locus tag Description MW Origin 

G3X7A5 C3 Complement C3 187 Bovine 

Q03247 APOE Apolipoprotein E 36 Bovine 

F1N3Q7 APOA4 Apolipoprotein A-IV 43 Bovine 

P17697 CLU Clusterin 51.1 Bovine 

D9QYC6 MMS_A0864 ABC transporter, substrate-binding protein 54.1 Mmm 

D9QYJ7 MMS_A0946 Phosphotransferase system, EIIC 73.3 Mmm 

P02769 ALB Serum albumin 69.2 Bovine 

P02070 HBB Hemoglobin subunit beta 15.9 Bovine 

P34955 SERPINA1 Alpha-1-antiproteinase 46.1 Bovine 

F1MJH1 GSN Gelsolin 80.7 Bovine 

G5E5T5 

 

Uncharacterized protein (Fragment) 42.4 Bovine 

G5E513 

 

Uncharacterized protein (Fragment) 49.9 Bovine 

Complement components were detected in all of the Mmm samples grown in non-

inactivated bovine serum analyzed. No complement protein was detected in the in 

vitro samples with the 5 % equine serum.   
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A       B     
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Figure 23. Western blot of Mmm grown in different conditions 

[Mmm Afadé grown in (A) PH media, (B) 20 % non-inactivated bovine serum, (C) 50 

% non-inactivated bovine serum, (D) 100 % non-inactivated bovine serum].  

Numbers 1-3 represent sera from Afadé long term infection experiment from late and 

chronic stages of the disease over a period of 8 months (Schubert et al., 2011) and 

number 4 is rabbit hyperimmune sera against Mmm strain PG1. Arrows indicate 

antigens from Mmm grown in non-inactivated bovine serum detected by sera from 

infection experiment.  
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Description of the western blot: Protein samples extracted from Mmm grown in the 

mentioned culture conditions such as PH media, 20 %, 50 % and 100 % non-

inactivated bovine serum were first run on 1-DE with a block gel and transferred to 

nitrocellulose membranes.The primary antibodies were incubated using Mini-

PROTEAN II multiscreen apparatus (Biorad, Germany) for 2 h at room temperature 

on a shaker. Then secondary anti-bovine and anti-rabit antibodies labeled with 

alkaline phosphatase were used for infection sera and rabit hyperimmune sera, 

respectively. Finally blots were developed according to the method described in 

maeterials and methods.  

From the western blots, we could qualitatively see that more Mmm Afadé antigens 

were detected using the infection sera from the bacterium grown in different 

concentrations of non-inactivated bovine serum. This is an indication that, when 

Mmm grows in an active serum, the spectra of immunogenic proteins changes as 

compared to the Mmm grown in standard PH media. In addition, we could clearly see 

that as the infection progresses, certain antigens tend to disappear Not only in the 

number of Mmm Afadé antigens present in  
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Discussion 

Our investigation of the bovine PE (Results Part I) enabled us to conclude that the 

bovine PE during CBPP is composed of typical plasma proteins including proteins of 

the immune system such as complement components, immunoglobulins, other 

proteins of the immune system. Even though this environment seems to be inhibitory 

for the growth of Mmm, we observed high number of Mmm in it, which were able to 

regrow in the PE ex vivo from PE of experimentally infected cattle. Due to the fact 

that PLF from healthy animals is limited in volume, we focused in this part of our 

study on the growth of Mmm in a comparable body fluid, which was sera from healthy 

cattle, to mimic in vivo situation. Growth of Mmm Afadé in non-inactivated bovine 

serum is possible after a step wise adaptation of this organism to an increasing 

concentration of serum. We therefore optimized this method and conducted 

preliminary proteomic investigation.  

Comparable to our in vivo study, growth of Mmm Afadé in non-inactivated serum 

revealed the identification of almost all of the previously described proteins involved 

in capsule synthesis (Bertin et al., 2013; Westberg et al., 2004). These proteins 

include: Glf (UDP-galactopyranose mutase, UniProt ID: D9QYX4), ManB 

(phosphoglucomutase, UniProt ID: D9QYG2), GalE (UDP-glucose 4-epimerase, 

(UniProt ID: D9QYW2), GalU (Glucose-1-phospate uridylyltransferase, UniProt ID: 

D9QWB2), EpsG, CpS (UniProt ID: D9QYY4, D9QYA7, respectively) and another 

group 2 Glycosyltransferase (UniProt ID: D9QWA5). A study conducted in 

Mycoplasma dispar (commonly associated with pneumonia in calves) revealed 

capsule material is lost upon passage in culture medium but can be regained with a 

single passage on bovine lung fibroblast (BLF) cells. The capsule produced in the 

BLF cells shares antigenic determinants with the material during infections with M. 

dispar (Almeida and Rosenbusch, 1991). Therefore, relative abundance of these 

proteins involved in capsule synthesis from non-inactivated serum grown cultures 

should be further investigated using quantitative proteomics or transcriptomic 

approaches and compared with those Mmm grown in standard media. 

This extracellular material is lost upon passage in culture medium but can be 

regained with a single passage on BLF cells. Two Mmm proteins (ABC transporter 

substrate-binding protein, MMS_A0864 and Phosphotransferase system, EIIC, 
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MMS_0946) were repeatedly detected in one prominent protein band of serum grown 

Afadé cultures (Fig. 22 ‘a’ and ‘b’) together with complement C3, Apolipoprotein and 

other 10 bovine protiens. The ABC transporter substrate-binding protein 

(MMS_A0864) is predicted to have a signal peptide and the phosphotransferase 

system, EIIC (MMS_A0946) is predicted to be a transmembrane protein. This can 

give an indication that these proteins could probably be protein targets on Mmm, 

which are recognized by the complement. The detection of complement proteins 

together with Mmm proteins could be further investigated in the future to explore the 

epitope on Mmm responsible for complement binding and selecting potential 

diagnostic target.  

The virulence associated factors, which have been previously described by different 

authors in in vitro studies (GlpK, GlpO, GlpQ, GtsA, LppB, LppQ,) (Vilei and Frey, 

2001; Westberg et al., 2004), which we also proved in our in vivo infection 

experiment in Results part I were also detected here in the ex vivo growth of Mmm in 

non-inactivated bovine serum. Therefore we can conclude that, growth of Mmm in 

non-inactivated serum can represent the situation in the natural host. Therefore 

future transcriptomic and proteomic studies can be conducted in a bacteria grown in 

non-inactivated bovine serum, which can mimic in vivo situation. Additional 

advantages of using non-inactivated bovine serum include: it avoids the use of cattle 

for experimental infection, therefore experiments can be carried out even in disease 

free countries, it is cost effective and considers the welfare of animals. 

In our current study, we tried to develop a method for a step wise adaptation of Mmm 

Afadé in adult bovine non-inactivated serum and observed the proteomic changes. 

Our present investigation shows that in a step wise manner, Mmm Afadé can survive 

the inhibitory effects of non-inactivated serum and persist in it. This could be 

explained by the fact that the Mmm Afadé can produce a resistant biofilm under 

stress conditions (McAuliffe et al., 2008). These authors showed that Mmm Afadé 

biofilm exhibited a remarkable persistence and survival of up to 20 weeks in 

stationary phase. In addition, they investigated differential protein abundances 

between biofilm and planktonic Mmm Afadé. They demonstrated that the following 

proteins were significantly highly abundant in Afadé biofilms compared to planktonic 

cells: Elongation factor Tu, (tuf, Locus tag: MMS_A0183, UniProt ID: D9QWG9), 

Pyruvate dehydrogenase E1 component, alpha subunit (EC 1.2.4.1), (pdhA, Locus 
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tag: MMS_A0298 , UniProt ID: D9QWT3), Phosphoenolpyruvate-protein 

phosphotransferase (ptsP, Locus tag: MMS_A0306, UniProt ID: D9QWU1) Fructose-

1,6-bisphosphate aldolase, class II (Fba, Locus tag: MMS_A0160 UniProt ID: 

D9QWE6), Hypoxanthine phosphoribosyltransferase (hpt_1, Locus tag: 

MMS_A0289, UniProt ID: D9QWS4), triose-phosphate isomerase, (tpiA, Locus tag: 

MMS_A0905, UniProt ID:D9QYF6). Interestingly, all of these proteins were identified 

in our current study, even if we did not analyze the whole proteins of Mmm Afadé 

grown in non-inactivated serum. In addition, the slow growth rate can also be 

explained with the biofilm formation according to Mah and O'Toole (2001), who 

reported slower growth rate of biofilms and their resistance to stress.  
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Conclusion 

Based on the preliminary results of our study, we could conclude that Mmm Afadé 

can be adapted to grow in non-inactivated bovine serum, which was previously 

proven to be inhibitory, through a step-wise adaptation method. The adaptation of 

Mmm Afadé revealed the ability of this pathogen to survive in 100 % non-inactivated 

bovine serum, which could be due to the formation of biofilms by Mmm Afadé in this 

hostile environment. The biofilm formation could indirectly be confirmed by the 

detection of previously investigated biofilm associated proteins and the ability of this 

pathogen to replicate in the active sera. Moreover, the Mmm Afadé could also 

escape the complement activity of the non-inactivated sera using its capsule, which 

was also confirmed by the presence of full set of proteins involved in capsule 

synthesis. In addition, the growth of this pathogen in non-inactivated bovine sera 

could also be supported from our bioinformatic analysis of the putative protein 

functions of abundantly present serum grown Mmm Afadé proteins, which was 

mainly nucleotide biosynthesis. Mmm Afadé grown in this growth condition showed 

comparable virulence associated factors as compared to the ones we identified in our 

in vivo investigation (Results part I). Therefore, we conclude that growing Mmm in 

non-inactivated bovine sera is a cost- effective, easily applicable and promising 3R 

method, which enables one to conduct experiment with this pathogen, even in 

disease free areas. We strongly recommend further investigations such as 

transcriptomics and quantitative proteomics of the pathogen grown in non-inactivated 

bovine serum for better understanding of organism’s virulence and utilize it in 

identifying potential targets of vaccines, diagnostics and/or therapeutic agents. 
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5.1 Proteomic study for biomarker discovery, lesson for CBPP diagnosis 

A biomarker can be defined as a characteristic that is objectively measured and 

assessed as an indicator of normal biological processes, pathogenic processes, or 

pharmacological responses to a therapeutic intervention. Biomarkers can be either 

host- or pathogen-specific and may advance knowledge by providing information 

about the pathogenic process, including the current health status and future disease 

risk of the patient (McNerney et al., 2012).  

A critical mass of knowledge in the use of APPs as biomarkers of inflammatory 

conditions of domestic animals has accumulated over recent years, so that there is 

now sufficient understanding of the pathophysiology of the response to support the 

use of these compounds as diagnostic tools in clinical settings. With the insights 

provided by ongoing research in the area, it is likely that these analytes will be 

increasingly used in the diagnosis and prognosis of both companion and farm animal 

disease (Eckersall and Bell, 2010) Table 9.  
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Table 7. Examples of bovine diseases where an acute phase response has 

been described (Petersen et al., 2004). 

Acute phase protein Disease 

Haptoglobin Mannheimia haemolytica infection 

 Pasteurella multocida infection 

 Bovine viral diarrhoea 

 Bovine respiratory syncytial virus infection 

 Foot and mouth disease 

 Mastitis 

 Respiratory disease 

 Metritis 

 Hepatic lipidosis 

serum amyloid A (SAA) Mastitis 

 Mannheimia haemolytica infection 

 Bovine viral diarrhoea 

 Bovine respiratory syncytial virus infection 

α1 acid glycoprotein (AGP) Hepatic abscessation 

 Metritis 

 Mastitis 

 Respiratory disease 

Acute phase proteins could be categorized as positive or negative (Gruys et al., 

2005). Positive APPs are proteins, which increase in concentration within a few hs 

after infection. Some of the positive acute phase proteins are haptoglobin (HP), 

serum amyloid A (SAA) and C-reactive protein (CRP). Hepatic mRNA upregulation of 

those APPs is associated with a decrease in synthesis of normal blood proteins, such 

as transthyretin (TTR), cortisol binding globulin, retinol binding protein (RBP) 

transferrin and albumin, which represent the negative APPs. Mycoplasmosis in pigs 

is reported to induce positive APPs (Parra et al., 2006). These authors measured 

certain APPs in sera of pigs naturally infected with M. hyopneumoniae using 

commercial ELISA kits and compared them with sera from specific pathogen free 

(SPF) pigs. Accordingly, they found out that the positive APPs were significantly 

increased in infected pigs as compared to the controls (Table 10). This observation is 

also comparable to the results of our current study (Results chapter I), where we 

identified abundant APPs in pleural effusions of cattle infected with Mmm. Future 
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studies including the concentration of these APPs in Pleural effusion or pleural fluid, 

serum or plasma could improve our knowledge of the disease. In addition, 

determining the APPs could also enable the detection of subclinical animals (Carroll 

et al., 2004) and could help improving the diagnosis of CBPP.  

Table 8. Fold increase of acute phase proteins in pigs during M. 

hyopneumoniae infection (Parra et al., 2006) 

No. Acute phase protein Fold increase 

1 C-reactive protein 38 

2 Serum amyloid A 6.8 

3 Pig-Major acute phase protein (Pig-MAP) 2.8 

4 Haptoglobin 16.6 

Even though more detailed comparative analysis is required to identify potential 

disease biomarkers, our current comparative analysis of pleural effusion from cattle 

with CBPP versus healthy plasma enabled us to see higher abundance of 

haptoglobulin, α1 acid glycoprotein and other previously identified biomarkers. 

Therefore, CBPP could also be included in the diseases listed in Table 9. The need 

for a more accurate, inexpensive point-of-care CBPP diagnostic test that is 

applicable in CBPP endemic areas is greater in the SSA countries, and will be crucial 

for achieving global CBPP control. So this knowledge could contribute towards the 

development of diagnostic tests.  

The pleural effusion is used to identify a number of disease biomarkers in human 

medicine. Heart failure (Porcel et al., 2009), cancer and tuberculosis are some of the 

examples, in which the pleural effusion was used to identify disease biomarkers 

(Porcel et al., 2009) and the use of these biomarkers is currently encouraged as a 

routine diagnostic procedure. The measurement of various pleural fluid biomarkers is 

believed to aid in the identification of the above disease conditions, such as heart 

failure- natriuretic peptides (Porcel et al., 2009), tuberculosis- adenosine deaminase 

(Liang et al., 2008), malignancy- mesothelin, fibulin-3, immunocytochemical stains 

(Pass et al., 2012), or bacterial pleural infections- C-reactive protein (Castaño and 

Amores, 1991; Porcel et al., 2012). According to Porcel (2013), the use of these 

biomarkers is encouraged as a routine diagnostic procedure. Based on this, we 

recommend that, the proteome of the bovine pleural fluid from healthy cattle should 
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be investigated and compared with the results of our current study. That could enable 

the identification of potential CBPP biomarkers, which can be used in the 

development of sensitive and specific diagnostic test.  

The other perspective that future studies are also consider about is the idea of 

imerging and re-emerging zoonotic infections. Animal mycoplasmal infections in 

humans have been reported in the past (Yechouron et al., 1992) and still creating 

concern in the recent years (Heller et al., 2015_Submitted). Mycoplasma capricolum 

subspecies capricolum (Mcc) is one of the ruminant mycoplasma, which belongs to 

the Mycoplasma mycoides cluster. It is associated with respiratory disease, mastitis 

and arthritis in small ruminants. This pathogen was recently isolated from a human 

patient with severe clinical symptoms associated with Mcc infection such as recurrent 

fever, limb pain, septicaemia, meningioencephalitis, bilateral asymptomatic 

pneumonia and pleural effusion. Bacteriologic analysis showed pure colonies of 

typical of mycoplasma, and subsequent 16S and 23 S rRNA sequencing revealed 

Mcc. The patient had a travel history to a disease endemic area (Heller et al., 

2015_Submitted). Could this be an eye opener in the control of CBPP before other 

related pathogens become emerging zoonotic agents? If it is so, such studies 

concerned with methods of improving diagnostic tests, therapeutics and vaccines 

should be encouraged so as to avoid disasterous effects of zoonotic diseases. 

5.2 Omics and the Mycoplasma mycoides cluster 

Systematic OMICs studies such as genomics, transcriptomics, proteomics, lipidomics 

and glycomics are highly recommended for better understanding of Mmm and its 

interactions with the host (Jores et al., 2013). This is partly the question we 

addressed in this study, proteomic analysis of three strains of Mmm, namely, Mmm 

strain Gladysdale (Wise et al., 2012), Mmm strain B237 and Mmm strain Afadé 

(Fischer et al., submitted). We conducted proteomic analysis of the pathogen from 

the natural host (cattle), and a developed 3R model for growth of Mmm Afadé, using 

non-inactivated bovine serum. Furthermore, transcriptomic and proteomic analysis of 

the pathogen from an artificial media was conducted in the early logarithmic and 

stationary growth phases.  
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In general, in the Mycoplasma mycoides cluster, few publications are available, 

which focus on the proteomics of bacteria in this cluster (Allam et al., 2012; Corona 

et al., 2013; Hamsten et al., 2009; Jores et al., 2009; Krasteva et al., 2014a; Krasteva 

et al., 2014b; Nouvel et al., 2010; Wise et al., 2006). In a study conducted by 

(Krasteva et al., 2014a) on whole proteome analysis of Mmm, they reported a total of 

250 proteins, of which 44 were predicted lipoproteins or cytoplasmic membrane 

associated proteins. On another study in Mmm strains N6 and KH3J whole 

proteome, a total of 318 proteins were identified, comprising lipoproteins, 

prolipoproteins and hypothetical proteins with predicted membrane locations 

(Krasteva et al., 2014a). In our current study (i) in vitro in standard growth condition, 

a total of 563 Mmm proteins (413 cytosolic, 106 transmembrane, 31 lipoproteins and 

13 secreted); (b) in vivo from PE (253 cytosolic, 38 transmembrane, 10 lipoproteins 

and 14 secreted) were detected. Since we did not analyze the whole proteome of 

Mmm grown ex vivo in non-inactivated bovine serum, we did not include this 

analysis. Therefore, our study gives a wider overview of Mmm proteome in vivo and 

in vitro than previous reports.  

This study is the first comprehensive analysis of transcriptome and proteome of 

Mmm and to our knowledge, it is the first report in the whole Mycoplasma mycoides 

cluster. Transcriptomic data is available to the public on European Nucleotide 

Archive (ENA) under accession number PRJEB9677. Comparative analysis can 

therefore be conducted using our transcriptomic and proteomic data. Transcriptomic 

data can be employed to identify of new RNAs and proteins maximizing the 

knowledge regarding pathogenicity, secretion, transporters and metabolism of 

pathogens (Dandekar et al., 2000; Pendarvis et al., 2014).  

Proteomic study from Mmm grown ex vivo in an environment, which could be an 

important model (serum) could be a suitable model to understand about survival of 

Mmm in inhibitory growth conditions. The proteomic analysis of Mmm from in vivo 

and in vitro materials gave an overview of the proteins produced by this pathogen in 

different environmental conditions. We strongly recommend similar transcriptomic 

analysis from serum adapted Mmm samples for detailed interpretation of inhibitory 

influence the the bacteria’s coping mechanism. In addition this ex vivo model of using 

non-inactivated serum could be a useful alternative than infection of animals. In our 

in vitro in standard mycoplasma media and ex vivo in non-inactivated bovine serum 
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analysis, we revealed that the following proteins were present only mycoplasma 

grown in non-inactivated serum (Table 11). 

Table 9. Proteins identified only in Mmm grown in non-inactivated bovine 

serum 

Accession Locus Tag Description 
≠ Unique 

Peptides 
Localization 

D9QX09 MMS_A0375 Transposase, IS4 family  11 Cytosolic 

D9QYC6 MMS_A0864 ABC transporter, 

substrate-binding protein  

11 Secreted 

D9QYP3 MMS_A0992 Uncharacterized protein  4 TM 

D9QYQ4 MMS_A1003 C4-dicarboxylate 

anaerobic carrier  

2 TM 

The COG category was found only for the transposase protein (D9QX09), category 

‘L’, which stands for proteins involved in replication, recombination and repair. 

Putative function of D9QYC6 as per the analysis using Blast2Go revealed that it is 

involved in purine metabolism (ec: 3.6.1.3 – adenylpyrophosphatase). 

Even though we did not analyze the whole proteome of Mmm grown in 100 % non-

inactivated bovine serum, we revealed that the above four proteins were identified in 

serum grown samples, but not in in vitro samples in standard PH medium. This could 

indicate that these proteins could be involved in escape of this pathogen from the 

inhibitory effects of serum. All except MMS_A1003 belong to members of the 

paralogous group. Therefore, further investigation is strongly recommended.  

5.3 Advances in CBPP vaccine, diagnostics and therapeutics 

Contagious bovine pleuropneumonia has been controlled in different developing 

countries via strict control of animal movement, stamping out policy of affected and in 

contact herds and quarantine. However, this disease is still causing serious 

economic losses in the majority of sub Saharan African countries (Masiga et al., 

1996; OIE, 2009; Regalla et al., 1996; Windsor and Wood, 1998) with the exception 

of Botswana, which has recently been claimed as free from CBPP by the OIE (OIE, 

2014b). The aforementioned control measures are not economically feasible in the 
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SSA countries. In addition to the economic reasons, cultural, farming system 

(Pastoral and agro-pastoral farming systems) and geographical reasons should also 

be given due emphasis (Masiga et al., 1996; Ssematimba et al., 2015; Windsor and 

Wood, 1998). Therefore, vaccination is the promising way forward in the control of 

CBPP in SSA. In a mathemathecal model developed by (Ssematimba et al., 2015), 

they found out that cumulative fatalities caused by CBPP were reduced through 

different intervention strategies such as annual vaccinations, annual testings and a 

combination of both strategies. For that, they emphasized on the development and 

use of improved vaccines and diagnostic assays.  

In the past few years, attempts have been made to test recombinant vaccines 

against CBPP using different strategies. Different research groups identified 

virulence associated proteins such as LPPQ, GlpO, LppA (Pilo et al., 2007), variable 

surface proteins (Vmm) (Hamsten et al., 2008) and tried to evaluate the efficacy of 

using subunit vaccines. In 2013, Mulongo and colleagues immunized cattle with 

recombinant GlpO with subsequent challenge of vaccinated animals with virulent 

Mmm strain B237. However, they found out that the recombinant GlpO did not 

protect against challenge, despite the fact that antisera raised in cattle and murine 

were able to detect the recombinant and native forms of this protein. The suggested 

that the Mmm could have adapted an evasion strategy against detrimental antibody 

responses (Mulongo et al., 2013b). Recently, this working group also conducted a 

vaccine trail with purified recombinant LppQ-N protein formulated in Freund’s 

adjuvant followed by challenge of cattle with a similar strain (Mmm B237). Even 

though they observed seroconversion in vaccinated cattle, it was also accompanied 

by significantly enhanced clinical signs postchallenge gross and histopathological 

signs such as glomerulonephritis and pulmonary vasculitis and therefore strongly 

recommended the exclusion of this factor in the future subunit vaccines for CBPP 

(Mulongo et al., 2015). On the contrary, an adenoviral vector expressing the major 

Mmm antigen, lipoprotein was reported to elicit robust immune responses in mice. 

However, due to the fact that mice do not develop pneumonia after infection with 

Mmm, it is recommended that this adenoviral vector expressing Lipoprotein A should 

also be tested in the natural host, cattle (Carozza et al., 2015). All these attempts 

show the progress of CBPP research. Our results could have an important input in 

this vaccine research against CBPP due to the fact that we identified in vivo 
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expressed proteins of Mmm. Moreover, we have identified a one protein, which was 

present in in vivo samples, but not in vitro (less abundant in vitro) (Data not shown) to 

be detected in the ex vivo model we developed (Data not shown) 

5.4 Mycoplasma mycoides; a potential emerging zoonotic pathogen? 

Animal mycoplasmal infections in humans have been reported in the past 

(Yechouron et al., 1992) and still creating concern in the recent years (Heller et al., 

2015, in press??). Mycoplasma capricolum subspecies capricolum (Mcc) is one of 

the ruminant mycoplasma, which belongs to the Mycoplasma mycoides cluster. It is 

associated with respiratory disease, mastitis and arthritis in small ruminants. This 

pathogen was recently isolated from a human patient with severe clinical symptoms 

associated with Mcc infection such as recurrent fever, limb pain, septicaemia, 

meningioencephalitis, bilateral asymptomatic pneumonia and pleural effusion. 

Bacteriologic analysis showed pure colonies of typical of mycoplasma, and 

subsequent 16S and 23 S rRNA sequencing revealed Mcc. The patient had a travel 

history to a disease endemic area. Could this be an eye opener in the control of 

CBPP before other related pathogens become an emerging zoonotic agents?  
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Chapter 6. Conclusions 

In our current study, we revealed that Mmm from pleural effusion (PE) of 

experimentally infected cattle are viable and can also replicate in the PE. Despite the 

fact that the bovine PE is composed of inhibitory components such as complement 

proteins and immunoglobulins, Mmm were able to replicate in it. Therefore, we 

concluded that the PE is a specific host niche of Mmm and the in vivo adapted Mmm 

produce protective capsule for evading the host immune response. This fact was 

confirmed by the detection of proteins involved in capsule synthesis such as ManB, 

Glf and Glycosyltransferases using proteomic analysis. Moreover we detected 

virulence associated proteins of Mmm from PE, such as those involved in: 

inflammation (e.g. LppQ) and synthesis and translocation of H2O2 (e.g. GtsA, Glf, 

GlpQ, GlpK) in the natural host. On the host side, we found out that the bovine PE 

during CBPP is mainly composed of typical plasma proteins with enrichment of 

proteins of the innate immune response. In addition, fibrosis associated proteins like 

Secreted Protein Acidic and Rich in Cysteine (SPARC) and thrombospondin were 

detected in the PE, proving the disease pathology. Using transcriptomic and 

proteomic approaches, we found out that 90 % of genes and 53 % of putative 

predicted proteins of Mmm were transcribed and translated, respectively during 

logarithmic and stationary growth phases. Using RNA sequencing, we determined 34 

differentially expressed genes and predicted multigene operons (227), 5’-UTRs (354), 

3’-UTRs (238), transcriptional start sites (664) and non-coding RNAs (58). We 

confirmed some of the above results such as differential gene expressions and 

transcriptional start sites experimentally. To further study the gene expression and 

proteomic profile of Mmm under ex vivo growth condition which mimics in vivo, we 

established a method of growing Mmm in non-inactivated bovine serum and also 

determined a brief overview of the proteomic profile. However, further investigations 

need to be conducted. Based on the results of our study, we recommend: first 

proteomic analysis of bovine PLF and do comparative analysis with the proteome 

from the current result (Result part I); second- proteogenomic investigation of Mmm 

using transcriptomic and proteomic data to identify non-annotated novel protein 

coding genes and improve the current annotation (results part II); third- transcriptomic 

and proteomic investigation of Mmm grown in non-inactivated bovine serum to better 

understand the survival and virulence mechanisms of Mmm. All these efforts will 

enable in the identification of better diagnostic tests and vaccines. 
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Chapter 8. Appendix 

Raw data for Appendix 2, 4, 5, 6 and 11 are given in the enclosed CD-ROM 

Appendix 1. Oligonucleotides used in this study 
Oligonucleotides/ 

plasmids 
Description or sequence (5’ to 3’)    Source/ 

reference 
Usage 

rMMS_A0933-1 5’-TTAAATTAATTACTGTTCCA-3’ 
(reverse primer situated at position 973051-973070)  

This work 5'-RACE 

rMMS_A0933-2 5’-CTTTAGGATTAAATACTCCT-3’ 
(reverse primer situated at position 973090-973109) 

This work 5'-RACE 

rMMS_A0933-3 5’-GATTAAATACTCCTGATGGA-3’ 
(reverse primer situated at position 973096-973115)  

This work 5'-RACE 

rMMS_A1021_1 5’-CTCTATCTGGATCTGAAGCT-3’ 
(reverse primer situated at position 1063279-1063298)  

This work 5'-RACE 

rMMS_A1021_2 5’-GCTAAAATGATTAAATCAGC-3’ 
(reverse primer situated at position 1063296-1063215)  

This work 5'-RACE 

rMMS_A1021_3 5’-CTAAATCAATACCAAGTCCT-3’ 
(reverse primer situated at position 1063393-1063412)  

This work 5'-RACE 

QT 5’-CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTTTTTTTTTTTTTTT-3’ (Scotto-Lavino et 
al., 2006) 

5'-RACE 

QO 5’- CCAGTGAGCAGAGTGACG-3’ (Scotto-Lavino et 
al., 2006) 

5'-RACE 

QI  5’-GAGGACTCGAGCTCAAGC-3’ Scotto-Lavino et 
al., 2006 

5'-RACE 

pJET1.2 fw 5'-d(CGACTCACTATAGGGAGAGCGGC)-3'  Thermo Scientific Plasmid 
sequencing 

pJET1.2 rev 5'-d(AAGAACATCGATTTTCCATGGCAG)-3' Thermo Scientific Plasmid 
sequencing 

All position numbers given relate to GenBank accession no. CP002107 (Wise et al., 2012) 
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Oligonucleotides/ 
plasmids 

Description or sequence (5’ to 3’)  Source/ 
reference 

Usage 

MMS_A0915fw 5’-TCGAGGGATTCATATGATTAAAGA-3’ 
(forward primer situated at position 954541-954564) 

This work qRT-PCR 

MMS_A0915rev 5’-AAGTTGTACTCCTCCATGTGTTCT-3’ 
(reverse primer situated at position 954378-954401) 

This work qRT-PCR 

MMS_A0914fw 5’-TTCATTAATTGGTGGTAAGGGAAT-3’ 
(forward primer situated at position 953735-953758) 

This work qRT-PCR 

MMS_A0914rev 5’-ATCACACCCAACACCATTCA-3’ 
(reverse primer situated at position 953524-953543) 

This work qRT-PCR 

MMS_A0627fw 5’-GGCGCTGAATCGTTCAATAG-3’ 
(forward primer situated at position 657917-657936) 

This work qRT-PCR 

MMS_A0627rev 5’-TGGTTGGTTGAATGCTTGTG-3’ 
(reverse primer situated at position 657757-657776) 

This work qRT-PCR 

MMS_A0252fw 5’-AATGCGTCAAATTCGTCAAG-3’ 
(forward primer situated at position 266894-266913) 

This work qRT-PCR 

MMS_A0252rev 5’-AAAGCAGCCATTGGTTCATC-3’ 
(reverse primer situated at position 267024-267043) 

This work qRT-PCR 

MMS_A0477fw 5’-TTCCTGAAGAAATTCAAAAAGC-3’ 
(forward primer situated at position 494938-494959) 

This work qRT-PCR 

MMS_A0477rev 5’-CTACCAGCTTCATCGCTTCC-3’ 
(reverse primer situated at position 495068-495087) 

This work qRT-PCR 

MMS_A0065fw 5’-AAAAGCAGGAGCGAAAATCA-3’  
(forward primer situated at position 73396-73415) 

This work Standard 
PCR 

MMS_A0065rev 5’-GCCATTCTTCCAGCAACTTC-3’ 
(reverse primer situated at position 73637-73656) 

This work Standard 
PCR 

*QT, QO and QI are primer sequences from Scotto-Lavino et al. (2006) 

QT is a multipurpose primer containing binding sites for QO (Q- outer) and QI (Q- inner) primers and an oligo dT sequence capable of 

annealing to the appended poly (A) tail (Scotto-Lavino et al. (2006). 
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Appendix 2. Paralogous group of genes 
Protein ID Locus Tag Paralog. 

Group 
Gene names RNA / Protein name Length 

(DNA) 
Length 
(Protein) 

D9QW31 MMS_A0038 1 - transposase, IS4 family 1674 557 

D9QW53 MMS_A0061 1 - transposase, IS4 family 1674 557 

D9QW53 MMS_A0399 1 - transposase, IS4 family 1674 557 

D9QW53 MMS_A1072 1 - transposase, IS4 family 1674 557 

D9QW63 MMS_A0071 1 - transposase, IS4 family 1674 557 

D9QW66 MMS_A0077 1 - transposase, IS4 family 1674 557 

D9QW88 MMS_A0101 1 - transposase, IS4 family 1674 557 

D9QW90 MMS_A0103 1 - transposase, IS4 family 1674 557 

D9QWA0 MMS_A0114 1 - transposase, IS4 family 1674 557 

D9QWE7 MMS_A0161 1 - transposase, IS4 family 1674 557 

D9QWH9 MMS_A0194 1 - transposase, IS4 family 1674 557 

D9QWI4 MMS_A0199 1 - transposase, IS4 family 1674 557 

D9QWR1 MMS_A0276 1 - transposase, IS4 family 1674 557 

D9QWR1 MMS_A0367 1 - transposase, IS4 family 1674 557 

D9QWR1 MMS_A0887 1 - transposase, IS4 family 1674 557 

D9QWR7 MMS_A0282 1 - transposase, IS4 family 1674 557 

D9QWY6 MMS_A0351 1 - transposase, IS4 family 1674 557 

D9QWY6 MMS_A0378 1 - transposase, IS4 family 1674 557 

D9QXJ8 MMS_A0568 1 - transposase, IS4 family 1674 557 

D9QXL9 MMS_A0590 1 - transposase, IS4 family 1674 557 

D9QXL9 MMS_A0736 1 - transposase, IS4 family 1674 557 

D9QXL9 MMS_A0749 1 - transposase, IS4 family 1674 557 

D9QXN2 MMS_A0603 1 - transposase, IS4 family 1674 557 

D9QXT2 MMS_A0662 1 - transposase, IS4 family 1674 557 

D9QXT6 MMS_A0666 1 - transposase, IS4 family 1674 557 

D9QY54 MMS_A0788 1 - transposase, IS4 family 1674 557 

D9QYC1 MMS_A0859 1 - transposase, IS4 family 1674 557 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QYD2 MMS_A0871 1 - transposase, IS4 family 1674 557 

D9QYD7 MMS_A0876 1 - transposase, IS4 family 1674 557 

D9QYF5 MMS_A0904 1 - transposase, IS4 family 1674 557 

D9QYJ5 MMS_A0944 1 - transposase, IS4 family 1674 557 

D9QYK1 MMS_A0950 1 - transposase, IS4 family 1674 557 

D9QYK7 MMS_A0956 1 - transposase, IS4 family 1674 557 

D9QYL3 MMS_A0962 1 - transposase, IS4 family 1674 557 

D9QYM0 MMS_A0969 1 - transposase, IS4 family 1674 557 

D9QYR0 MMS_A1009 1 - transposase, IS4 family 1674 557 

D9QYS6 MMS_A1025 1 - transposase, IS4 family 1674 557 

D9QYW0 MMS_A1061 1 - transposase, IS4 family 1674 557 

D9QYW6 MMS_A1067 1 - transposase, IS4 family 1674 557 

D9QYY0 MMS_A1081 1 - transposase, IS4 family 1674 557 

D9QYZ6 MMS_A1097 1 - transposase, IS4 family 1674 557 

D9QZ05 MMS_A1107 1 - transposase, IS4 family 1674 557 

D9QX52 MMS_A0419 1 - transposase, IS4 family 1590 529 

D9QXW5 MMS_A0695 1 - transposase, IS4 family 1590 529 

D9QX09 MMS_A0375 1 - transposase, IS4 family 1524 507 

D9QX77 MMS_A0444 1 - transposase, IS4 family 1524 507 

D9QY31 MMS_A0764 1 - transposase, IS4 family 1524 507 

D9QXP9 MMS_A0621 1 - transposase, IS4 family 1440 479 

D9QX53 MMS_A0420 1 - transposase, IS4 family 1266 421 

D9QYQ6 MMS_A1005 1 - transposase, IS4 family 1095 364 

D9QX88 MMS_A0455 1 - transposase, IS4 family 978 325 

D9QX92 MMS_A0459 1 - transposase, IS4 family 978 325 

D9QYS1 MMS_A1020 1 - transposase, IS4 family 978 325 

D9QZ26 MMS_A1128 1 - transposase, IS4 family 978 325 

D9QWC4 MMS_A0138 1 - transposase, IS4 family 828 275 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QXZ8 MMS_A0728 1 - conserved domain protein 813 270 

D9QWC5 MMS_A0139 1 - conserved domain protein 693 230 

D9QX51 MMS_A0418 1 - conserved domain protein 549 182 

D9QX51 MMS_A0730 1 - conserved domain protein 549 182 

D9QYQ5 MMS_A1004 1 - conserved domain protein 549 182 

D9QX89 MMS_A0456 1 - conserved domain protein 534 177 

D9QX91 MMS_A0458 1 - conserved domain protein 534 177 

D9QYS0 MMS_A1019 1 - conserved domain protein 501 166 

D9QZ25 MMS_A1127 1 - conserved domain protein 465 154 

D9QXZ9 MMS_A0729 1 - conserved domain protein 270 89 

D9QWC3 MMS_A0137 1 - conserved domain protein 153 50 

D9QWC3 MMS_A0374 1 - conserved domain protein 153 50 

D9QWC3 MMS_A0445 1 - conserved domain protein 153 50 

D9QWC3 MMS_A0622 1 - conserved domain protein 153 50 

D9QWC3 MMS_A0765 1 - conserved domain protein 153 50 

D9QXW0 MMS_A0690 2 - putative transposase InsK for insertion sequence IS150 876 291 

D9QW08 MMS_A0015 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QW49 MMS_A0057 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWE4 MMS_A0158 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWE4 MMS_A0270 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWE4 MMS_A0985 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWI6 MMS_A0201 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWM4 MMS_A0239 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QWR3 MMS_A0278 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QX11 MMS_A0377 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QYH8 MMS_A0927 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QYP1 MMS_A0990 2 - putative transposase InsK for insertion sequence IS150 861 286 

D9QXZ3 MMS_A0723 2 - putative transposase InsK for insertion sequence IS150 849 282 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QWP7 MMS_A0262 2 - putative transposase InsK for insertion sequence IS150 771 256 

D9QWE9 MMS_A0163 2 - putative transposase InsK for insertion sequence IS150 732 243 

D9QWE9 MMS_A0403 2 - putative transposase InsK for insertion sequence IS150 732 243 

D9QWE9 MMS_A1130 2 - putative transposase InsK for insertion sequence IS150 732 243 

D9QWD5 MMS_A0149 2 - putative transposase InsK for insertion sequence IS150 675 224 

D9QWD5 MMS_A0936 2 - putative transposase InsK for insertion sequence IS150 675 224 

D9QY07 MMS_A0737 2 - putative transposase InsK for insertion sequence IS150 651 216 

D9QZ04 MMS_A1106 2 - integrase core domain protein 462 153 

D9QXK4 MMS_A0575 2 - transposase domain protein 357 118 

D9QX94 MMS_A0461 2 - transposase InsK for insertion sequence IS150 family protein 354 117 

D9QX94 MMS_A0862 2 - transposase InsK for insertion sequence IS150 family protein 354 117 

D9QXK3 MMS_A0574 2 - transposase InsK for insertion sequence IS150 family protein 354 117 

D9QXP6 MMS_A0618 2 - integrase core domain protein 354 117 

D9QX93 MMS_A0460 2 - conserved domain protein 336 111 

D9QXP7 MMS_A0619 2 - conserved domain protein 276 91 

D9QYZ2 MMS_A1093 2 - conserved domain protein 261 86 

D9QYC3 MMS_A0861 2 - conserved domain protein 243 80 

D9QYZ3 MMS_A1094 2 - transposase domain protein 186 61 

D9QWD4 MMS_A0148 2 - conserved domain protein 183 60 

D9QWD4 MMS_A0935 2 - conserved domain protein 183 60 

D9QXK5 MMS_A0576 2 - conserved domain protein 150 49 

D9QY08 MMS_A0738 2 - conserved domain protein 150 49 

D9QWP5 MMS_A0260 2 - hypothetical protein MMS_A0260 138 45 

D9QWD2 MMS_A0146 3 - conserved domain protein 774 257 

D9QWI5 MMS_A0200 3 - conserved hypothetical protein 561 186 

D9QW50 MMS_A0058 3 - conserved hypothetical protein 555 184 

D9QW09 MMS_A0016 3 - conserved hypothetical protein 543 180 

D9QWE5 MMS_A0159 3 - conserved hypothetical protein 543 180 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QWE8 MMS_A0162 3 - conserved hypothetical protein 543 180 

D9QWP8 MMS_A0263 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0404 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0577 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0739 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0860 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0934 3 - conserved hypothetical protein 543 180 

D9QX37 MMS_A0984 3 - conserved hypothetical protein 543 180 

D9QXW1 MMS_A0691 3 - conserved hypothetical protein 543 180 

D9QXZ2 MMS_A0722 3 - conserved hypothetical protein 543 180 

D9QYP2 MMS_A0991 3 - conserved hypothetical protein 543 180 

D9QWM5 MMS_A0240 3 - conserved hypothetical protein 486 161 

D9QWM5 MMS_A0269 3 - conserved hypothetical protein 486 161 

D9QWR2 MMS_A0277 3 - conserved hypothetical protein 432 143 

D9QYZ1 MMS_A1092 3 - conserved domain protein 408 135 

D9QX07 MMS_A0373 3 - conserved domain protein 321 106 

D9QYH6 MMS_A0925 3 - conserved domain protein 297 98 

D9QWR0 MMS_A0275 3 - conserved hypothetical protein 204 67 

D9QX10 MMS_A0376 3 - conserved domain protein 180 59 

D9QX10 MMS_A0457 3 - conserved hypothetical protein 180 59 

D9QX10 MMS_A0620 3 - conserved hypothetical protein 180 59 

D9QX10 MMS_A1131 3 - conserved hypothetical protein 180 59 

D9QX87 MMS_A0454 3 - conserved hypothetical protein 153 50 

D9QZ30 MMS_A1132 3 - conserved domain protein 126 41 

D9QWD3 MMS_A0147 3 - conserved hypothetical protein 123 40 

D9QYH7 MMS_A0926 3 - conserved hypothetical protein 123 40 

D9QYD1 MMS_A0870 4 - transposase, IS4 family 1446 481 

D9QYE3 MMS_A0883 4 - transposase, IS4 family 1446 481 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QWC7 MMS_A0141 4 - transposase, IS4 family 1413 470 

D9QWP6 MMS_A0261 4 - transposase, IS4 family 1413 470 

D9QXQ3 MMS_A0625 4 - transposase, IS4 family 1413 470 

D9QZ24 MMS_A1126 4 - transposase, IS4 family 1413 470 

D9QYB7 MMS_A0855 4 - transposase, IS4 family 1086 361 

D9QYB8 MMS_A0856 4 - conserved domain protein 231 76 

D9QYY4 MMS_A1085 5 - glycosyltransferase, group 2 family protein 1374 457 

D9QW99 MMS_A0113 5 - glycosyltransferase, group 2 family protein 1350 449 

D9QWA5 MMS_A0119 5 - glycosyltransferase, group 2 family protein 1350 449 

D9QWA5 MMS_A0124 5 - glycosyltransferase, group 2 family protein 1350 449 

D9QYW3 MMS_A1064 5 - conserved hypothetical protein 1149 382 

D9QYX0 MMS_A1071 5 - conserved hypothetical protein 1149 382 

D9QYX8 MMS_A1079 5 - conserved hypothetical protein 1149 382 

D9QYW9 MMS_A1070 5 - conserved domain protein 219 72 

D9QYW9 MMS_A1078 5 - conserved domain protein 219 72 

D9QW98 MMS_A0112 6 - peptidase, S41 family 2136 711 

D9QWA4 MMS_A0118 6 - conserved domain protein 543 180 

D9QWA4 MMS_A0123 6 - conserved domain protein 543 180 

D9QWB3 MMS_A0127 6 - conserved hypothetical protein 441 146 

D9QYY3 MMS_A1084 6 - conserved hypothetical protein 342 113 

D9QYY2 MMS_A1083 6 - membrane family protein 159 52 

D9QWA1 MMS_A0115 7 - glycosyltransferase, group 2 family protein 981 326 

D9QWA6 MMS_A0120 7 - glycosyltransferase, group 2 family protein 915 304 

D9QWA6 MMS_A0125 7 - glycosyltransferase, group 2 family protein 915 304 

D9QYX9 MMS_A1080 7 - glycosyltransferase, group 2 family protein 915 304 

D9QYX2 MMS_A1073 7 - conserved hypothetical protein 609 202 

D9QYW4 MMS_A1065 7 - conserved hypothetical protein 594 197 

D9QWB2 MMS_A0126 8 - nucleotidyl transferase 873 290 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QYY1 MMS_A1082 8 - nucleotidyl transferase 873 290 

D9QWA2 MMS_A0116 8 - putative UTP--glucose-1-phosphate uridylyltransferase 534 177 

D9QWA2 MMS_A0121 8 - putative UTP--glucose-1-phosphate uridylyltransferase 534 177 

D9QWA3 MMS_A0117 8 - conserved domain protein 300 99 

D9QWA3 MMS_A0122 8 - conserved domain protein 300 99 

D9QYE8 MMS_A0888 9 - conserved hypothetical protein 1440 479 

D9QYE9 MMS_A0889 9 - conserved hypothetical protein 1218 405 

D9QYF0 MMS_A0890 9 - conserved hypothetical protein 1218 405 

D9QYF1 MMS_A0891 9 - conserved hypothetical protein 1017 338 

D9QYE5 MMS_A0885 9 - conserved domain protein 393 130 

D9QYZ8 MMS_A1099 10 lppC conserved hypothetical protein 1236 411 

D9QWC6 MMS_A0140 10 - putative lipoprotein 492 163 

D9QX48 MMS_A0415 10 - putative lipoprotein 420 139 

D9QYZ5 MMS_A1096 10 - conserved hypothetical protein 381 126 

D9QWJ9 MMS_A0214 11 - e3-binding domain protein 1167 388 

D9QY01 MMS_A0731 11 - conserved domain protein 888 295 

D9QWK0 MMS_A0215 11 - e3 binding domain protein 762 253 

D9QXZ7 MMS_A0727 11 - conserved domain protein 600 199 

D9QXW6 MMS_A0696 12 - putative lipoprotein 2589 862 

D9QXV6 MMS_A0686 12 - putative lipoprotein 2580 859 

D9QXV8 MMS_A0688 12 - putative lipoprotein 2556 851 

D9QXW2 MMS_A0692 12 - conserved hypothetical protein 1599 532 

D9QXW7 MMS_A0697 13 - mycoplasma virulence signal region 2262 753 

D9QXV7 MMS_A0687 13 - mycoplasma virulence signal region 2253 750 

D9QXV9 MMS_A0689 13 - mycoplasma virulence signal region 2253 750 

D9QXW4 MMS_A0694 13 - mycoplasma virulence signal region 2253 750 

D9QYW2 MMS_A1063 14 galE_1 UDP-glucose 4-epimerase 1005 334 

D9QYW2 MMS_A1069 14 galE_2 UDP-glucose 4-epimerase 1005 334 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QYX6 MMS_A1077 14 - NAD-binding protein 633 210 

D9QYX5 MMS_A1076 14 - conserved domain protein 267 88 

D9QW26 MMS_A0033 15 - efflux ABC transporter, permease protein 5370 1789 

D9QWY2 MMS_A0347 15 - efflux ABC transporter, permease protein 2115 704 

D9QWY0 MMS_A0344 15 - conserved domain protein 1842 613 

D9QY35 MMS_A0767 16 arcC_1 carbamate kinase 933 310 

D9QYL5 MMS_A0964 16 arcC_3 carbamate kinase 933 310 

D9QYK2 MMS_A0951 16 arcC_2 carbamate kinase 906 301 

D9QYC0 MMS_A0858 17 - putative membrane protein 900 299 

D9QYD5 MMS_A0874 17 - conserved domain protein 624 207 

D9QYD4 MMS_A0873 17 - membrane family protein 318 105 

D9QYE0 MMS_A0880 18 - Cof-like hydrolase 864 287 

D9QYC8 MMS_A0867 18 - Cof-like hydrolase family protein 309 102 

D9QYC7 MMS_A0866 18 - conserved domain protein 144 47 

D9QYJ7 MMS_A0946 19 - phosphotransferase system, EIIC 2031 676 

D9QYL0 MMS_A0959 19 - phosphotransferase system, EIIB 1599 532 

D9QYK9 MMS_A0958 19 - conserved hypothetical protein 402 133 

D9QYL6 MMS_A0965 20 - conserved domain protein 531 176 

D9QYK3 MMS_A0952 20 - conserved domain protein 324 107 

D9QYK4 MMS_A0953 20 - conserved domain protein 165 54 

D9QYK5 MMS_A0954 21 mgtA magnesium-importing ATPase 2829 942 

D9QYL8 MMS_A0967 21 - putative magnesium-translocating P-type ATPase 1935 644 

D9QYL7 MMS_A0966 21 - conserved hypothetical protein 831 276 

D9QYV9 MMS_A1060 22 - ABC transporter, ATP-binding protein 1335 444 

D9QYW5 MMS_A1066 22 - ABC transporter, ATP-binding protein 963 320 

D9QYX3 MMS_A1074 22 - ABC transporter, ATP-binding protein 960 319 

D9QYX4 MMS_A1075 23 glf UDP-galactopyranose mutase 1188 395 

D9QYW1 MMS_A1062 23 - putative UDP-galactopyranose mutase 927 308 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QYW7 MMS_A1068 23 - putative UDP-galactopyranose mutase 927 308 

D9QWH5 MMS_A0189 24 - cytosol aminopeptidase family, catalytic domain protein 1356 451 

D9QWQ1 MMS_A0266 24 - cytosol aminopeptidase family, catalytic domain protein 942 313 

D9QWJ8 MMS_A0213 25 - DNA (cytosine-5-)-methyltransferase 1959 652 

D9QY02 MMS_A0732 25 - conserved hypothetical protein 1224 407 

D9QW73 MMS_A0086 26 - conserved hypothetical protein 1131 376 

D9QYF3 MMS_A0893 26 - conserved hypothetical protein 699 232 

D9QWK4 MMS_A0219 27 - Fic family protein 921 306 

D9QXY8 MMS_A0718 27 - Fic family protein 486 161 

D9QWK5 MMS_A0220 28 - conserved hypothetical protein 141 46 

D9QXZ4 MMS_A0724 28 - conserved hypothetical protein 141 46 

D9QWK6 MMS_A0221 29 - conserved hypothetical protein 453 150 

D9QXF7 MMS_A0526 29 - conserved hypothetical protein 453 150 

D9QWM0 MMS_A0235 30 - single-strand binding family protein 306 101 

D9QXB5 MMS_A0483 30 - single-strand binding family protein 306 101 

D9QWT6 MMS_A0301 31 lpdA dihydrolipoyl dehydrogenase 1788 595 

D9QWT5 MMS_A0300 31 - 2-oxo acid dehydrogenase acyltransferase (catalytic domain) 1287 428 

D9QWW0 MMS_A0325 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 723 240 

D9QWW6 MMS_A0331 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 720 239 

D9QWZ1 MMS_A0356 33 - ABC transporter, ATP-binding protein 705 234 

D9QYR5 MMS_A1014 33 - ABC transporter, ATP-binding protein 705 234 

D9QXB6 MMS_A0484 34 - ABC transporter, ATP-binding protein 1872 623 

D9QXB7 MMS_A0485 34 - ABC transporter, ATP-binding protein 1854 617 

D9QXJ7 MMS_A0567 35 - putative lipoprotein (LppB) 1869 622 

D9QXJ9 MMS_A0569 35 - hypothetical protein MMS_A0569 336 111 

D9QXM0 MMS_A0591 36 - conserved hypothetical protein 1827 608 

D9QXL8 MMS_A0589 36 - hypothetical protein MMS_A0589 126 41 

D9QW06 MMS_A0013 37 - conserved hypothetical protein 1647 548 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QW07 MMS_A0014 37 - conserved hypothetical protein 1599 532 

D9QYD3 MMS_A0872 38 - putative lipoprotein 2040 679 

D9QYB9 MMS_A0857 38 - putative lipoprotein 1893 630 

D9QYE1 MMS_A0881 39 - aminotransferase, class I/II 1191 396 

D9QYC9 MMS_A0868 39 - putative aminotransferase, classes I and II 675 224 

D9QYD0 MMS_A0869 40 - putative endoribonuclease L-PSP 402 133 

D9QYD0 MMS_A0882 40 - putative endoribonuclease L-PSP 402 133 

D9QYC5 MMS_A0863 41 - ABC transporter, ATP-binding protein 750 249 

D9QYC5 MMS_A0877 41 - ABC transporter, ATP-binding protein 750 249 

D9QYJ6 MMS_A0945 42 - conserved hypothetical protein 252 83 

D9QYJ6 MMS_A0957 42 - conserved hypothetical protein 252 83 

D9QYB2 MMS_A0850 43 - putative lipoprotein 2349 782 

D9QYB1 MMS_A0849 43 - putative lipoprotein 2184 727 

D9QYJ8 MMS_A0947 44 - beta-lactamase 975 324 

D9QYL1 MMS_A0960 44 - beta-lactamase 975 324 

D9QYL4 MMS_A0963 45 - ROK family protein 786 261 

D9QYK0 MMS_A0949 45 - ROK family protein 729 242 

D9QYD9 MMS_A0878 46 - putative lipoprotein 1473 490 

D9QYC6 MMS_A0864 46 - ABC transporter, substrate-binding protein 1434 477 

D9QYK6 MMS_A0955 47 - conserved hypothetical protein 1161 386 

D9QYL9 MMS_A0968 47 - conserved hypothetical protein 1161 386 

D9QYQ4 MMS_A1003 48 - C4-dicarboxylate anaerobic carrier 1767 588 

D9QYQ7 MMS_A1006 48 - conserved hypothetical protein 291 96 

D9QWD0 MMS_A0144 49 - conserved domain protein 501 166 

D9QX65 MMS_A0432 49 - conserved domain protein 165 54 

D9QWE1 MMS_A0155 50 pyrG CTP synthase 1599 532 

D9QYN9 MMS_A0988 50 - class I glutamine amidotransferase 651 216 

D9QWE2 MMS_A0156 51 - conserved hypothetical protein 963 320 
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Protein ID Locus Tag Paralog. 
Group 

Gene names RNA / Protein name Length 
(DNA) 

Length 
(Protein) 

D9QYN8 MMS_A0987 51 - conserved hypothetical protein 963 320 

D9QWE3 MMS_A0157 52 - conserved hypothetical protein 852 283 

D9QWE3 MMS_A0986 52 - conserved hypothetical protein 852 283 

 
MMS_A0074 53 rrf_1 5S ribosomal RNA 109 0 

 
MMS_A0656 53 rrf_2 5S ribosomal RNA 109 0 

 
MMS_A0075 54 rrl_1 23S ribosomal RNA 2895 0 

 
MMS_A0657 54 rrl_2 23S ribosomal RNA 2894 0 

 
MMS_A0076 55 rrs_1 16S ribosomal RNA 1525 0 

  MMS_A0658 55 rrs_2 16S ribosomal RNA 1524 0 
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Appendix 3. List of paralogous group of genes and status as transcribed and/ or translated  

Transcribed and translated 12 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0870 D9QYD1 4 - transposase, IS4 family 
MMS_A1085 D9QYY4 5 - glycosyltransferase, group 2 family protein 
MMS_A0113 D9QW99 5 - glycosyltransferase, group 2 family protein 
MMS_A0112 D9QW98 6 - peptidase, S41 family 
MMS_A0127 D9QWB3 6 - conserved hypothetical protein 
MMS_A0126 D9QWB2 8 - nucleotidyl transferase 
MMS_A0891 D9QYF1 9 - conserved hypothetical protein 
MMS_A1099 D9QYZ8 10 lppC conserved hypothetical protein 
MMS_A0415 D9QX48 10 - putative lipoprotein 
MMS_A0696 D9QXW6 12 - putative lipoprotein 

MMS_A0686 D9QXV6 12 - putative lipoprotein 
MMS_A0688 D9QXV8 12 - putative lipoprotein 
MMS_A0697 D9QXW7 13 - mycoplasma virulence signal region 
MMS_A0687 D9QXV7 13 - mycoplasma virulence signal region 

MMS_A0689 D9QXV9 13 - mycoplasma virulence signal region 
MMS_A0694 D9QXW4 13 - mycoplasma virulence signal region 
MMS_A1063 D9QYW2 14 galE_1 UDP-glucose 4-epimerase 
MMS_A0033 D9QW26 15 - efflux ABC transporter, permease protein 
MMS_A0964 D9QYL5 16 arcC_3 carbamate kinase 
MMS_A0880 D9QYE0 18 - Cof-like hydrolase 
MMS_A0946 D9QYJ7 19 - phosphotransferase system, EIIC 
MMS_A0954 D9QYK5 21 mgtA magnesium-importing ATPase 
MMS_A1060 D9QYV9 22 - ABC transporter, ATP-binding protein 

MMS_A1075 D9QYX4 23 glf UDP-galactopyranose mutase 
MMS_A1062 D9QYW1 23 - putative UDP-galactopyranose mutase 
MMS_A0189 D9QWH5 24 - cytosol aminopeptidase family, catalytic domain protein 



 

 
 

C
h
a
p
te

r 8
  

 
 

 
A

p
p
e
n
d
ix

 

1
3
8

 

locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0732 D9QY02 25 - conserved hypothetical protein 
MMS_A0219 D9QWK4 27 - Fic family protein 
MMS_A0221 D9QWK6 29 - conserved hypothetical protein 
MMS_A0526 D9QXF7 29 - conserved hypothetical protein 
MMS_A0301 D9QWT6 31 lpdA dihydrolipoyl dehydrogenase 
MMS_A0300 D9QWT5 31 - 2-oxo acid dehydrogenase acyltransferase (catalytic domain) 
MMS_A0325 D9QWW0 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 
MMS_A0331 D9QWW6 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 
MMS_A0356 D9QWZ1 33 - ABC transporter, ATP-binding protein 
MMS_A0484 D9QXB6 34 - ABC transporter, ATP-binding protein 
MMS_A0485 D9QXB7 34 - ABC transporter, ATP-binding protein 
MMS_A0567 D9QXJ7 35 - putative lipoprotein (LppB) 

MMS_A0591 D9QXM0 36 - conserved hypothetical protein 
MMS_A0013 D9QW06 37 - conserved hypothetical protein 
MMS_A0014 D9QW07 37 - conserved hypothetical protein 
MMS_A0881 D9QYE1 39 - aminotransferase, class I/II 
MMS_A0863 D9QYC5 41 - ABC transporter, ATP-binding protein 
MMS_A0877 D9QYC5 41 - ABC transporter, ATP-binding protein 
MMS_A0850 D9QYB2 43 - putative lipoprotein 
MMS_A0849 D9QYB1 43 - putative lipoprotein 
MMS_A0878 D9QYD9 46 - putative lipoprotein 
MMS_A0955 D9QYK6 47 - conserved hypothetical protein 
MMS_A0968 D9QYL9 47 - conserved hypothetical protein 
MMS_A0155 D9QWE1 50 pyrG CTP synthase 
MMS_A0156 D9QWE2 51 - conserved hypothetical protein 

MMS_A0157 D9QWE3 52 - conserved hypothetical protein 
MMS_A0986 D9QWE3 52 - conserved hypothetical protein 

MMS_A0864 D9QYC6 46 - ABC transporter, substrate-binding protein 
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Transcribed and translated 48 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0870 D9QYD1 4 - transposase, IS4 family 
MMS_A1085 D9QYY4 5 - glycosyltransferase, group 2 family protein 
MMS_A0112 D9QW98 6 - peptidase, S41 family 
MMS_A0127 D9QWB3 6 - conserved hypothetical protein 
MMS_A0126 D9QWB2 8 - nucleotidyl transferase 
MMS_A0885 D9QYE5 9 - conserved domain protein 
MMS_A1099 D9QYZ8 10 lppC conserved hypothetical protein 
MMS_A0140 D9QWC6 10 - putative lipoprotein 
MMS_A0415 D9QX48 10 - putative lipoprotein 
MMS_A0696 D9QXW6 12 - putative lipoprotein 
MMS_A0686 D9QXV6 12 - putative lipoprotein 

MMS_A0688 D9QXV8 12 - putative lipoprotein 
MMS_A0697 D9QXW7 13 - mycoplasma virulence signal region 
MMS_A0687 D9QXV7 13 - mycoplasma virulence signal region 
MMS_A0689 D9QXV9 13 - mycoplasma virulence signal region 
MMS_A0694 D9QXW4 13 - mycoplasma virulence signal region 
MMS_A1063 D9QYW2 14 galE_1 UDP-glucose 4-epimerase 
MMS_A0033 D9QW26 15 - efflux ABC transporter, permease protein 
MMS_A0964 D9QYL5 16 arcC_3 carbamate kinase 
MMS_A0880 D9QYE0 18 - Cof-like hydrolase 
MMS_A0946 D9QYJ7 19 - phosphotransferase system, EIIC 
MMS_A0954 D9QYK5 21 mgtA magnesium-importing ATPase 
MMS_A1060 D9QYV9 22 - ABC transporter, ATP-binding protein 
MMS_A1075 D9QYX4 23 glf UDP-galactopyranose mutase 

MMS_A0189 D9QWH5 24 - cytosol aminopeptidase family, catalytic domain protein 
MMS_A0732 D9QY02 25 - conserved hypothetical protein 
MMS_A0219 D9QWK4 27 - Fic family protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0301 D9QWT6 31 lpdA dihydrolipoyl dehydrogenase 
MMS_A0300 D9QWT5 31 - 2-oxo acid dehydrogenase acyltransferase (catalytic domain) 
MMS_A0325 D9QWW0 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 
MMS_A0331 D9QWW6 32 - oxidoreductase, short chain dehydrogenase/reductase family protein 
MMS_A0356 D9QWZ1 33 - ABC transporter, ATP-binding protein 
MMS_A0484 D9QXB6 34 - ABC transporter, ATP-binding protein 
MMS_A0485 D9QXB7 34 - ABC transporter, ATP-binding protein 
MMS_A0567 D9QXJ7 35 - putative lipoprotein (LppB) 
MMS_A0591 D9QXM0 36 - conserved hypothetical protein 
MMS_A0013 D9QW06 37 - conserved hypothetical protein 
MMS_A0014 D9QW07 37 - conserved hypothetical protein 
MMS_A0868 D9QYC9 39 - putative aminotransferase, classes I and II 

MMS_A0863 D9QYC5 41 - ABC transporter, ATP-binding protein 
MMS_A0877 D9QYC5 41 - ABC transporter, ATP-binding protein 
MMS_A0850 D9QYB2 43 - putative lipoprotein 
MMS_A0849 D9QYB1 43 - putative lipoprotein 
MMS_A0878 D9QYD9 46 - putative lipoprotein 
MMS_A0955 D9QYK6 47 - conserved hypothetical protein 
MMS_A0155 D9QWE1 50 pyrG CTP synthase 
MMS_A0156 D9QWE2 51 - conserved hypothetical protein 
MMS_A0883 D9QYE3 4 - transposase, IS4 family 
MMS_A0261 D9QWP6 4 - transposase, IS4 family 
MMS_A1126 D9QZ24 4 - transposase, IS4 family 
MMS_A0864 D9QYC6 46 - ABC transporter, substrate-binding protein 
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Transcribed and not translated 12 h 

locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0695 D9QXW5 1 - transposase, IS4 family 
MMS_A0729 D9QXZ9 1 - conserved domain protein 
MMS_A0146 D9QWD2 3 - conserved domain protein 
MMS_A0200 D9QWI5 3 - conserved hypothetical protein 
MMS_A0277 D9QWR2 3 - conserved hypothetical protein 
MMS_A1092 D9QYZ1 3 - conserved domain protein 
MMS_A0925 D9QYH6 3 - conserved domain protein 
MMS_A0275 D9QWR0 3 - conserved hypothetical protein 
MMS_A0620 D9QX10 3 - conserved hypothetical protein 
MMS_A1132 D9QZ30 3 - conserved domain protein 
MMS_A0147 D9QWD3 3 - conserved hypothetical protein 

MMS_A1126 D9QZ24 4 - transposase, IS4 family 
MMS_A0855 D9QYB7 4 - transposase, IS4 family 
MMS_A0856 D9QYB8 4 - conserved domain protein 
MMS_A1064 D9QYW3 5 - conserved hypothetical protein 
MMS_A1071 D9QYX0 5 - conserved hypothetical protein 
MMS_A1083 D9QYY2 6 - membrane family protein 
MMS_A1065 D9QYW4 7 - conserved hypothetical protein 
MMS_A0885 D9QYE5 9 - conserved domain protein 
MMS_A0140 D9QWC6 10 - putative lipoprotein 
MMS_A1096 D9QYZ5 10 - conserved hypothetical protein 
MMS_A0692 D9QXW2 12 - conserved hypothetical protein 
MMS_A1077 D9QYX6 14 - NAD-binding protein 
MMS_A0347 D9QWY2 15 - efflux ABC transporter, permease protein 

MMS_A0344 D9QWY0 15 - conserved domain protein 
MMS_A0767 D9QY35 16 arcC_1 carbamate kinase 
MMS_A0951 D9QYK2 16 arcC_2 carbamate kinase 



 

 
 

C
h
a
p
te

r 8
  

 
 

 
A

p
p
e
n
d
ix

 

1
4
2

 

locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0867 D9QYC8 18 - Cof-like hydrolase family protein 
MMS_A0959 D9QYL0 19 - phosphotransferase system, EIIB 
MMS_A0958 D9QYK9 19 - conserved hypothetical protein 
MMS_A0967 D9QYL8 21 - putative magnesium-translocating P-type ATPase 
MMS_A0966 D9QYL7 21 - conserved hypothetical protein 
MMS_A1074 D9QYX3 22 - ABC transporter, ATP-binding protein 
MMS_A1068 D9QYW7 23 - putative UDP-galactopyranose mutase 
MMS_A0266 D9QWQ1 24 - cytosol aminopeptidase family, catalytic domain protein 
MMS_A0213 D9QWJ8 25 - DNA (cytosine-5-)-methyltransferase 
MMS_A0718 D9QXY8 27 - Fic family protein 
MMS_A1014 D9QYR5 33 - ABC transporter, ATP-binding protein 
MMS_A0589 D9QXL8 36 - hypothetical protein MMS_A0589 

MMS_A0988 D9QYN9 50 - class I glutamine amidotransferase 
MMS_A0690 D9QXW0 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0015 D9QW08 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0057 D9QW49 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0278 D9QWR3 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0927 D9QYH8 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0990 D9QYP1 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0262 D9QWP7 2 - putative transposase InsK for insertion sequence IS150 
MMS_A1130 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0737 D9QY07 2 - putative transposase InsK for insertion sequence IS150 
MMS_A1106 D9QZ04 2 - integrase core domain protein 
MMS_A0574 D9QXK3 2 - transposase InsK for insertion sequence IS150 family protein 
MMS_A0618 D9QXP6 2 - integrase core domain protein 

MMS_A0460 D9QX93 2 - conserved domain protein 
MMS_A1093 D9QYZ2 2 - conserved domain protein 

MMS_A0861 D9QYC3 2 - conserved domain protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A1094 D9QYZ3 2 - transposase domain protein 
MMS_A0576 D9QXK5 2 - conserved domain protein 
MMS_A0738 D9QY08 2 - conserved domain protein 
MMS_A0260 D9QWP5 2 - hypothetical protein MMS_A0260 
MMS_A0214 D9QWJ9 11 - e3-binding domain protein 
MMS_A0215 D9QWK0 11 - e3 binding domain protein 
MMS_A0727 D9QXZ7 11 - conserved domain protein 
MMS_A0874 D9QYD5 17 - conserved domain protein 
MMS_A0873 D9QYD4 17 - membrane family protein 
MMS_A0965 D9QYL6 20 - conserved domain protein 
MMS_A0952 D9QYK3 20 - conserved domain protein 
MMS_A0953 D9QYK4 20 - conserved domain protein 

MMS_A0086 D9QW73 26 - conserved hypothetical protein 
MMS_A0893 D9QYF3 26 - conserved hypothetical protein 
MMS_A0220 D9QWK5 28 - conserved hypothetical protein 
MMS_A0724 D9QXZ4 28 - conserved hypothetical protein 
MMS_A0235 D9QWM0 30 - single-strand binding family protein 
MMS_A0483 D9QXB5 30 - single-strand binding family protein 
MMS_A0872 D9QYD3 38 - putative lipoprotein 
MMS_A0857 D9QYB9 38 - putative lipoprotein 
MMS_A0947 D9QYJ8 44 - beta-lactamase 
MMS_A0960 D9QYL1 44 - beta-lactamase 
MMS_A0963 D9QYL4 45 - ROK family protein 
MMS_A0949 D9QYK0 45 - ROK family protein 
MMS_A1003 D9QYQ4 48 - C4-dicarboxylate anaerobic carrier 

MMS_A0144 D9QWD0 49 - conserved domain protein 
MMS_A0432 D9QX65 49 - conserved domain protein 
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Transcribed and not translated 48 h 

locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0876 D9QYD7 1 - transposase, IS4 family 
MMS_A1081 D9QYY0 1 - transposase, IS4 family 
MMS_A0695 D9QXW5 1 - transposase, IS4 family 
MMS_A0764 D9QY31 1 - transposase, IS4 family 
MMS_A0420 D9QX53 1 - transposase, IS4 family 
MMS_A0456 D9QX89 1 - conserved domain protein 
MMS_A1019 D9QYS0 1 - conserved domain protein 
MMS_A1127 D9QZ25 1 - conserved domain protein 
MMS_A0729 D9QXZ9 1 - conserved domain protein 
MMS_A0146 D9QWD2 3 - conserved domain protein 
MMS_A0200 D9QWI5 3 - conserved hypothetical protein 

MMS_A0016 D9QW09 3 - conserved hypothetical protein 
MMS_A0159 D9QWE5 3 - conserved hypothetical protein 
MMS_A0162 D9QWE8 3 - conserved hypothetical protein 
MMS_A0263 D9QWP8 3 - conserved hypothetical protein 
MMS_A0691 D9QXW1 3 - conserved hypothetical protein 
MMS_A0722 D9QXZ2 3 - conserved hypothetical protein 
MMS_A0991 D9QYP2 3 - conserved hypothetical protein 
MMS_A0277 D9QWR2 3 - conserved hypothetical protein 
MMS_A1092 D9QYZ1 3 - conserved domain protein 
MMS_A0925 D9QYH6 3 - conserved domain protein 
MMS_A0275 D9QWR0 3 - conserved hypothetical protein 
MMS_A0620 D9QX10 3 - conserved hypothetical protein 
MMS_A0454 D9QX87 3 - conserved hypothetical protein 

MMS_A1132 D9QZ30 3 - conserved domain protein 
MMS_A0147 D9QWD3 3 - conserved hypothetical protein 
MMS_A0855 D9QYB7 4 - transposase, IS4 family 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0856 D9QYB8 4 - conserved domain protein 
MMS_A0113 D9QW99 5 - glycosyltransferase, group 2 family protein 
MMS_A1064 D9QYW3 5 - conserved hypothetical protein 
MMS_A1071 D9QYX0 5 - conserved hypothetical protein 
MMS_A1065 D9QYW4 7 - conserved hypothetical protein 
MMS_A0890 D9QYF0 9 - conserved hypothetical protein 
MMS_A1096 D9QYZ5 10 - conserved hypothetical protein 
MMS_A0692 D9QXW2 12 - conserved hypothetical protein 
MMS_A1077 D9QYX6 14 - NAD-binding protein 
MMS_A0347 D9QWY2 15 - efflux ABC transporter, permease protein 
MMS_A0344 D9QWY0 15 - conserved domain protein 
MMS_A0767 D9QY35 16 arcC_1 carbamate kinase 

MMS_A0951 D9QYK2 16 arcC_2 carbamate kinase 
MMS_A0867 D9QYC8 18 - Cof-like hydrolase family protein 
MMS_A0959 D9QYL0 19 - phosphotransferase system, EIIB 
MMS_A0958 D9QYK9 19 - conserved hypothetical protein 
MMS_A0967 D9QYL8 21 - putative magnesium-translocating P-type ATPase 
MMS_A0966 D9QYL7 21 - conserved hypothetical protein 
MMS_A1074 D9QYX3 22 - ABC transporter, ATP-binding protein 
MMS_A1062 D9QYW1 23 - putative UDP-galactopyranose mutase 
MMS_A1068 D9QYW7 23 - putative UDP-galactopyranose mutase 
MMS_A0266 D9QWQ1 24 - cytosol aminopeptidase family, catalytic domain protein 
MMS_A0213 D9QWJ8 25 - DNA (cytosine-5-)-methyltransferase 
MMS_A0718 D9QXY8 27 - Fic family protein 
MMS_A0221 D9QWK6 29 - conserved hypothetical protein 

MMS_A0526 D9QXF7 29 - conserved hypothetical protein 
MMS_A1014 D9QYR5 33 - ABC transporter, ATP-binding protein 

MMS_A0589 D9QXL8 36 - hypothetical protein MMS_A0589 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0968 D9QYL9 47 - conserved hypothetical protein 
MMS_A0988 D9QYN9 50 - class I glutamine amidotransferase 
MMS_A0157 D9QWE3 52 - conserved hypothetical protein 
MMS_A0690 D9QXW0 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0015 D9QW08 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0057 D9QW49 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0239 D9QWM4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0278 D9QWR3 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0927 D9QYH8 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0990 D9QYP1 2 - putative transposase InsK for insertion sequence IS150 
MMS_A1130 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0737 D9QY07 2 - putative transposase InsK for insertion sequence IS150 

MMS_A1106 D9QZ04 2 - integrase core domain protein 
MMS_A0574 D9QXK3 2 - transposase InsK for insertion sequence IS150 family protein 
MMS_A0618 D9QXP6 2 - integrase core domain protein 
MMS_A0460 D9QX93 2 - conserved domain protein 
MMS_A0619 D9QXP7 2 - conserved domain protein 
MMS_A1093 D9QYZ2 2 - conserved domain protein 
MMS_A0861 D9QYC3 2 - conserved domain protein 
MMS_A1094 D9QYZ3 2 - transposase domain protein 
MMS_A0576 D9QXK5 2 - conserved domain protein 
MMS_A0738 D9QY08 2 - conserved domain protein 
MMS_A0260 D9QWP5 2 - hypothetical protein MMS_A0260 
MMS_A0214 D9QWJ9 11 - e3-binding domain protein 
MMS_A0731 D9QY01 11 - conserved domain protein 

MMS_A0215 D9QWK0 11 - e3 binding domain protein 
MMS_A0727 D9QXZ7 11 - conserved domain protein 

MMS_A0873 D9QYD4 17 - membrane family protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0965 D9QYL6 20 - conserved domain protein 
MMS_A0952 D9QYK3 20 - conserved domain protein 
MMS_A0953 D9QYK4 20 - conserved domain protein 
MMS_A0086 D9QW73 26 - conserved hypothetical protein 
MMS_A0893 D9QYF3 26 - conserved hypothetical protein 
MMS_A0220 D9QWK5 28 - conserved hypothetical protein 
MMS_A0724 D9QXZ4 28 - conserved hypothetical protein 
MMS_A0235 D9QWM0 30 - single-strand binding family protein 
MMS_A0483 D9QXB5 30 - single-strand binding family protein 
MMS_A0872 D9QYD3 38 - putative lipoprotein 
MMS_A0857 D9QYB9 38 - putative lipoprotein 
MMS_A0947 D9QYJ8 44 - beta-lactamase 

MMS_A0960 D9QYL1 44 - beta-lactamase 
MMS_A0963 D9QYL4 45 - ROK family protein 
MMS_A0949 D9QYK0 45 - ROK family protein 
MMS_A1003 D9QYQ4 48 - C4-dicarboxylate anaerobic carrier 
MMS_A0144 D9QWD0 49 - conserved domain protein 
MMS_A0432 D9QX65 49 - conserved domain protein 
 
Transcribed and doubtful translation 12 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0077 D9QW66 1 - transposase, IS4 family 
MMS_A0736 D9QXL9 1 - transposase, IS4 family 

MMS_A0662 D9QXT2 1 - transposase, IS4 family 

MMS_A0876 D9QYD7 1 - transposase, IS4 family 
MMS_A0950 D9QYK1 1 - transposase, IS4 family 
MMS_A0969 D9QYM0 1 - transposase, IS4 family 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A1061 D9QYW0 1 - transposase, IS4 family 
MMS_A1081 D9QYY0 1 - transposase, IS4 family 
MMS_A0764 D9QY31 1 - transposase, IS4 family 
MMS_A0420 D9QX53 1 - transposase, IS4 family 
MMS_A0728 D9QXZ8 1 - conserved domain protein 
MMS_A0139 D9QWC5 1 - conserved domain protein 
MMS_A0456 D9QX89 1 - conserved domain protein 
MMS_A1019 D9QYS0 1 - conserved domain protein 
MMS_A1127 D9QZ25 1 - conserved domain protein 
MMS_A0016 D9QW09 3 - conserved hypothetical protein 
MMS_A0159 D9QWE5 3 - conserved hypothetical protein 
MMS_A0162 D9QWE8 3 - conserved hypothetical protein 

MMS_A0263 D9QWP8 3 - conserved hypothetical protein 
MMS_A0691 D9QXW1 3 - conserved hypothetical protein 
MMS_A0722 D9QXZ2 3 - conserved hypothetical protein 
MMS_A0991 D9QYP2 3 - conserved hypothetical protein 
MMS_A0883 D9QYE3 4 - transposase, IS4 family 
MMS_A0115 D9QWA1 7 - glycosyltransferase, group 2 family protein 
MMS_A0890 D9QYF0 9 - conserved hypothetical protein 
MMS_A0987 D9QYN8 51 - conserved hypothetical protein 

Transcribed and doubtful translation 48 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0077 D9QW66 1 - transposase, IS4 family 

MMS_A0282 D9QWR7 1 - transposase, IS4 family 
MMS_A0662 D9QXT2 1 - transposase, IS4 family 
MMS_A1061 D9QYW0 1 - transposase, IS4 family 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0115 D9QWA1 7 - glycosyltransferase, group 2 family protein 
MMS_A0891 D9QYF1 9 - conserved hypothetical protein 
MMS_A0881 D9QYE1 39 - aminotransferase, class I/II 
MMS_A0987 D9QYN8 51 - conserved hypothetical protein 

Not Transcribed and not translated 12 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0158 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0270 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0985 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0201 D9QWI6 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0239 D9QWM4 2 - putative transposase InsK for insertion sequence IS150 

MMS_A0377 D9QX11 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0723 D9QXZ3 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0163 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0403 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0149 D9QWD5 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0936 D9QWD5 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0575 D9QXK4 2 - transposase domain protein 
MMS_A0461 D9QX94 2 - transposase InsK for insertion sequence IS150 family protein 
MMS_A0862 D9QX94 2 - transposase InsK for insertion sequence IS150 family protein 
MMS_A0619 D9QXP7 2 - conserved domain protein 
MMS_A0148 D9QWD4 2 - conserved domain protein 
MMS_A0935 D9QWD4 2 - conserved domain protein 

MMS_A0731 D9QY01 11 - conserved domain protein 
MMS_A0858 D9QYC0 17 - putative membrane protein 
MMS_A1006 D9QYQ7 48 - conserved hypothetical protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A1067 D9QYW6 1 - transposase, IS4 family 
MMS_A0455 D9QX88 1 - transposase, IS4 family 
MMS_A0459 D9QX92 1 - transposase, IS4 family 
MMS_A1020 D9QYS1 1 - transposase, IS4 family 
MMS_A1128 D9QZ26 1 - transposase, IS4 family 
MMS_A0138 D9QWC4 1 - transposase, IS4 family 
MMS_A0418 D9QX51 1 - conserved domain protein 
MMS_A0730 D9QX51 1 - conserved domain protein 
MMS_A1004 D9QYQ5 1 - conserved domain protein 
MMS_A0137 D9QWC3 1 - conserved domain protein 
MMS_A0374 D9QWC3 1 - conserved domain protein 
MMS_A0445 D9QWC3 1 - conserved domain protein 

MMS_A0622 D9QWC3 1 - conserved domain protein 
MMS_A0765 D9QWC3 1 - conserved domain protein 
MMS_A0058 D9QW50 3 - conserved hypothetical protein 
MMS_A0373 D9QX07 3 - conserved domain protein 
MMS_A0376 D9QX10 3 - conserved domain protein 
MMS_A0457 D9QX10 3 - conserved hypothetical protein 
MMS_A1131 D9QX10 3 - conserved hypothetical protein 
MMS_A0454 D9QX87 3 - conserved hypothetical protein 
MMS_A0926 D9QYH7 3 - conserved hypothetical protein 
MMS_A0141 D9QWC7 4 - transposase, IS4 family 
MMS_A1079 D9QYX8 5 - conserved hypothetical protein 
MMS_A1070 D9QYW9 5 - conserved domain protein 
MMS_A1078 D9QYW9 5 - conserved domain protein 

MMS_A0118 D9QWA4 6 - conserved domain protein 
MMS_A0123 D9QWA4 6 - conserved domain protein 

MMS_A1084 D9QYY3 6 - conserved hypothetical protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A1073 D9QYX2 7 - conserved hypothetical protein 
MMS_A0116 D9QWA2 8 - putative UTP--glucose-1-phosphate uridylyltransferase 
MMS_A0121 D9QWA2 8 - putative UTP--glucose-1-phosphate uridylyltransferase 
MMS_A0117 D9QWA3 8 - conserved domain protein 
MMS_A0122 D9QWA3 8 - conserved domain protein 
MMS_A1076 D9QYX5 14 - conserved domain protein 
MMS_A0866 D9QYC7 18 - conserved domain protein 
MMS_A1066 D9QYW5 22 - ABC transporter, ATP-binding protein 
MMS_A0569 D9QXJ9 35 - hypothetical protein MMS_A0569 
MMS_A0868 D9QYC9 39 - putative aminotransferase, classes I and II 
Not Transcribed and not translated 48 h 
locus Tag Protein ID paralog. 

Group 
Gene 

names 
RNA / Protein name 

MMS_A0158 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0270 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0985 D9QWE4 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0201 D9QWI6 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0377 D9QX11 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0723 D9QXZ3 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0262 D9QWP7 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0163 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0403 D9QWE9 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0149 D9QWD5 2 - putative transposase InsK for insertion sequence IS150 
MMS_A0936 D9QWD5 2 - putative transposase InsK for insertion sequence IS150 

MMS_A0575 D9QXK4 2 - transposase domain protein 
MMS_A0461 D9QX94 2 - transposase InsK for insertion sequence IS150 family protein 
MMS_A0862 D9QX94 2 - transposase InsK for insertion sequence IS150 family protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0148 D9QWD4 2 - conserved domain protein 
MMS_A0935 D9QWD4 2 - conserved domain protein 
MMS_A0858 D9QYC0 17 - putative membrane protein 
MMS_A0874 D9QYD5 17 - conserved domain protein 
MMS_A1006 D9QYQ7 48 - conserved hypothetical protein 
MMS_A0061 D9QW53 1 - transposase, IS4 family 
MMS_A0399 D9QW53 1 - transposase, IS4 family 
MMS_A1072 D9QW53 1 - transposase, IS4 family 
MMS_A0071 D9QW63 1 - transposase, IS4 family 
MMS_A0603 D9QXN2 1 - transposase, IS4 family 
MMS_A0666 D9QXT6 1 - transposase, IS4 family 
MMS_A0904 D9QYF5 1 - transposase, IS4 family 

MMS_A1097 D9QYZ6 1 - transposase, IS4 family 
MMS_A0375 D9QX09 1 - transposase, IS4 family 
MMS_A0444 D9QX77 1 - transposase, IS4 family 
MMS_A0621 D9QXP9 1 - transposase, IS4 family 
MMS_A1005 D9QYQ6 1 - transposase, IS4 family 
MMS_A0455 D9QX88 1 - transposase, IS4 family 
MMS_A0459 D9QX92 1 - transposase, IS4 family 
MMS_A1020 D9QYS1 1 - transposase, IS4 family 
MMS_A1128 D9QZ26 1 - transposase, IS4 family 
MMS_A0138 D9QWC4 1 - transposase, IS4 family 
MMS_A0728 D9QXZ8 1 - conserved domain protein 
MMS_A0139 D9QWC5 1 - conserved domain protein 
MMS_A0418 D9QX51 1 - conserved domain protein 

MMS_A0730 D9QX51 1 - conserved domain protein 
MMS_A1004 D9QYQ5 1 - conserved domain protein 

MMS_A0458 D9QX91 1 - conserved domain protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A0137 D9QWC3 1 - conserved domain protein 
MMS_A0374 D9QWC3 1 - conserved domain protein 
MMS_A0445 D9QWC3 1 - conserved domain protein 
MMS_A0622 D9QWC3 1 - conserved domain protein 
MMS_A0765 D9QWC3 1 - conserved domain protein 
MMS_A0058 D9QW50 3 - conserved hypothetical protein 
MMS_A0404 D9QX37 3 - conserved hypothetical protein 
MMS_A0577 D9QX37 3 - conserved hypothetical protein 
MMS_A0739 D9QX37 3 - conserved hypothetical protein 
MMS_A0860 D9QX37 3 - conserved hypothetical protein 
MMS_A0934 D9QX37 3 - conserved hypothetical protein 
MMS_A0984 D9QX37 3 - conserved hypothetical protein 

MMS_A0240 D9QWM5 3 - conserved hypothetical protein 
MMS_A0269 D9QWM5 3 - conserved hypothetical protein 
MMS_A0373 D9QX07 3 - conserved domain protein 
MMS_A0376 D9QX10 3 - conserved domain protein 
MMS_A0457 D9QX10 3 - conserved hypothetical protein 
MMS_A1131 D9QX10 3 - conserved hypothetical protein 
MMS_A0926 D9QYH7 3 - conserved hypothetical protein 
MMS_A0119 D9QWA5 5 - glycosyltransferase, group 2 family protein 
MMS_A0124 D9QWA5 5 - glycosyltransferase, group 2 family protein 
MMS_A1079 D9QYX8 5 - conserved hypothetical protein 
MMS_A1070 D9QYW9 5 - conserved domain protein 
MMS_A1078 D9QYW9 5 - conserved domain protein 
MMS_A0118 D9QWA4 6 - conserved domain protein 

MMS_A0123 D9QWA4 6 - conserved domain protein 
MMS_A1084 D9QYY3 6 - conserved hypothetical protein 

MMS_A1083 D9QYY2 6 - membrane family protein 
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locus Tag Protein ID paralog. 
Group 

Gene 
names 

RNA / Protein name 

MMS_A1073 D9QYX2 7 - conserved hypothetical protein 
MMS_A0116 D9QWA2 8 - putative UTP--glucose-1-phosphate uridylyltransferase 
MMS_A0121 D9QWA2 8 - putative UTP--glucose-1-phosphate uridylyltransferase 
MMS_A0117 D9QWA3 8 - conserved domain protein 
MMS_A0122 D9QWA3 8 - conserved domain protein 
MMS_A0889 D9QYE9 9 - conserved hypothetical protein 
MMS_A1076 D9QYX5 14 - conserved domain protein 
MMS_A0866 D9QYC7 18 - conserved domain protein 
MMS_A1066 D9QYW5 22 - ABC transporter, ATP-binding protein 
MMS_A0569 D9QXJ9 35 - hypothetical protein MMS_A0569 
MMS_A0986 D9QWE3 52 - conserved hypothetical protein 
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Appendix 4. Scatter plot of gene expresssion versus variance (Rockhopper) at 

12 and 48 h 

A. 12 h 

 

 

 

 

 

 

 

 

B. 48 h 
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Appendix 5. Multigene operons predicted by Rockhopper 
 

Start Stop Strand # Genes Genes names/ Locus tags 

1522 5167 + 4 dnaN, rnmV, ksgA, MMS_A0005 

5527 9951 + 2 gyrB, gyrA 

10002 16807 - 4 MMS_A0008, MMS_A0009, MMS_A0010, 

MMS_A0011 

18731 22008 + 2 MMS_A0013, MMS_A0014 

22061 23472 - 2 MMS_A0015, MMS_A0016 

23548 28111 - 5 MMS_A0017, MMS_A0018, MMS_A0019, srlD, 

MMS_A0021 

28365 29744 - 3 MMS_A0022, MMS_A0023, MMS_A0024 

30098 31210 - 3 rpsR, MMS_A0026, rpsF 

32447 34395 - 2 MMS_A0030, hslO 

43728 45857 + 2 pdxB, MMS_A0035 

46212 47496 + 2 MMS_A0036, MMS_A0037 

52509 56677 - 5 tilS, MMS_A0043, MMS_A0044, MMS_A0045, tmk 

56910 59217 - 2 recR, dnaX 

66841 68264 - 2 MMS_A0057, MMS_A0058 

72239 73129 + 2 MMS_A0063, MMS_A0064 

74757 76931 + 2 MMS_A0066, serS 

77033 79828 + 3 MMS_A0068, MMS_A0069, lysS 

82225 83386 - 2 MMS_A0072, MMS_A0073 

93089 97934 - 3 phnE, phnC, MMS_A0083 

98225 102878 - 5 asnS, MMS_A0085, MMS_A0086, MMS_A0087, 

MMS_A0088 

105009 106485 - 2 MMS_A0091, MMS_A0092 

114201 115035 + 2 MMS_A0099, coaE 

119346 124570 - 7 MMS_A0104, MMS_A0105, xseA, nusB, 

MMS_A0108, MMS_A0109, MMS_A0110 

131775 132646 - 2 MMS_A0116, MMS_A0117 

136367 137238 - 2 MMS_A0121, MMS_A0122 

147407 149820 + 2 MMS_A0131, MMS_A0132 

154136 155812 - 3 MMS_A0137, MMS_A0138, MMS_A0139 

159288 159904 + 2 MMS_A0144, MMS_A0145 

160264 161981 + 4 MMS_A0146, MMS_A0147, MMS_A0148, 

MMS_A0149 

162263 164707 + 2 MMS_A0150, MMS_A0151 

164838 169649 + 4 gltX, MMS_A0153, MMS_A0154, pyrG 

171867 173278 - 2 MMS_A0158, MMS_A0159 
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Start Stop Strand ≠ Genes Genes names/ Locus tags 

177855 178686 - 2 MMS_A0164, MMS_A0165 

     

181161 188578 + 7 MMS_A0170, MMS_A0171, tdk, prfA, prmC, 

MMS_A0175, MMS_A0176 

189834 192070 + 2 MMS_A0178, MMS_A0179 

192194 195261 + 3 rpsL, rpsG, fusA 

196716 200841 + 5 MMS_A0184, MMS_A0185, MMS_A0186, 

MMS_A0187, MMS_A0188 

204883 206953 - 2 trmB, mgtE 

210456 211349 + 2 MMS_A0195, MMS_A0196 

211495 211922 + 2 MMS_A0197, MMS_A0198 

213687 215116 + 2 MMS_A0200, MMS_A0201 

215157 216592 - 2 MMS_A0202, MMS_A0203 

218212 221468 - 2 alaS, MMS_A0206 

221685 230699 + 5 MMS_A0207, MMS_A0208, MMS_A0209, 

MMS_A0210, MMS_A0211 

230981 233569 + 2 MMS_A0212, MMS_A0213 

233875 236321 + 3 MMS_A0214, MMS_A0215, MMS_A0216 

236403 239374 + 2 MMS_A0217, MMS_A0218 

239502 240552 + 2 MMS_A0219, MMS_A0220 

241800 244274 - 2 MMS_A0222, MMS_A0223 

244522 246806 - 2 MMS_A0224, MMS_A0225 

247174 249537 - 4 MMS_A0226, MMS_A0227, MMS_A0228, 

MMS_A0229 

250541 251453 - 2 MMS_A0231, MMS_A0232 

251985 252470 - 2 MMS_A0234, MMS_A0235 

252583 254600 - 3 MMS_A0236, MMS_A0237, MMS_A0238 

259681 264185 - 5 MMS_A0243, dcm, sun, gmk, MMS_A0247 

265036 266182 + 3 infC, rpmI, rplT 

266547 271707 + 3 MMS_A0252, MMS_A0253, MMS_A0254 

273144 274257 - 3 MMS_A0257, MMS_A0258, MMS_A0259 

276199 277520 - 2 MMS_A0262, MMS_A0263 

279598 283028 + 3 MMS_A0266, MMS_A0267, pepF 

291141 292441 + 2 MMS_A0277, MMS_A0278 

293531 295062 - 2 murQ, MMS_A0281 

299378 302632 + 4 eno, MMS_A0287, MMS_A0288, hpt_1 

302677 306189 - 3 MMS_A0290, glpK, MMS_A0292 

306523 309011 + 2 pfkA, pyk 

311871 321692 + 8 MMS_A0296, MMS_A0297, pdhA, 

MMS_A0299,MMS_A0300, lpdA, pta, ackA 



 

158 
 

C

ha

pt

er 

8 

 

 

 

 

A

pp

en

di

x 

Chapter 8      Appendix 

Start Stop Strand ≠ Genes Genes names/ Locus tags 

321762 326508 + 4 MMS_A0304, coaD, ptsP, ptbA 

326872 327901 + 2 dhaL, MMS_A0309 

328827 331809 + 2 MMS_A0311, thiI 

340274 345605 - 5 MMS_A0319, ysxC, MMS_A0321, MMS_A0322, 

MMS_A0323 

346380 347618 - 2 MMS_A0325, MMS_A0326 

347741 350566 - 2 uvrC, MMS_A0328 

354235 355763 - 2 MMS_A0331, MMS_A0332 

355874 362645 - 7 valS, MMS_A0334, MMS_A0335, rsgA, 

MMS_A0337, MMS_A0338, MMS_A0339 

364202 365183 + 2 MMS_A0342, yeaZ 

365460 367477 - 2 MMS_A0344, MMS_A0346 

370737 374538 + 3 MMS_A0348, MMS_A0349, MMS_A0350 

377564 382920 - 5 MMS_A0353, MMS_A0354, MMS_A0355, 

MMS_A0356, MMS_A0357 

384679 387394 + 3 MMS_A0361, proS, rnhA 

387699 390993 + 3 MMS_A0364, lepA, MMS_A0366 

392848 395825 - 2 aspS, hisS 

396010 397832 + 3 rbfA, truB, MMS_A0372 

398544 400221 - 2 MMS_A0374, MMS_A0375 

400436 401484 + 2 MMS_A0376, MMS_A0377 

404908 406992 - 2 MMS_A0380, MMS_A0381 

408366 413055 - 5 infB, MMS_A0386, MMS_A0387, nusA, MMS_A0389 

413169 419314 - 3 MMS_A0390, polC, cdsA 

431232 436493 - 6 MMS_A0405, MMS_A0406, MMS_A0407, 

MMS_A0408, MMS_A0409, tkt 

445858 446166 - 2 MMS_A0421, MMS_A0422 

446859 452765 + 7 MMS_A0423, MMS_A0424, MMS_A0425, scpB, 

MMS_A0427, MMS_A0428, MMS_A0429 

457798 460723 + 3 MMS_A0435, MMS_A0436, MMS_A0437 

469134 470811 + 2 MMS_A0444, MMS_A0445 

471702 476641 + 6 MMS_A0447, MMS_A0448, cmk, engA, 

MMS_A0451, hup 

486858 488404 + 2 MMS_A0467, recA 

488635 495628 + 9 MMS_A0469, ffh, MMS_A0471, rpsP, rimM, trmD, 

rplS, ylqF, rnhB 

497298 498078 - 3 MMS_A0480, MMS_A0481, MMS_A0482 

499000 504389 + 3 MMS_A0484, MMS_A0485, MMS_A0486 

504577 510449 + 8 MMS_A0488, MMS_A0489, cgtA, nadE, 

MMS_A0492, nadD, mtnN, MMS_A0495 
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511765 514301 + 3 MMS_A0496, trmU, MMS_A0498 

514379 519730 + 5 MMS_A0499, fmt, efp, MMS_A0502, tig 

531735 533553 + 2 MMS_A0508, MMS_A0509 

533942 545521 + 11 MMS_A0510, ybeY, era, recO, glyS, dnaG, 

MMS_A0516, MMS_A0517, MMS_A0518, 

MMS_A0519, MMS_A0520 

545636 552649 + 3 MMS_A0521, apt, MMS_A0523 

556110 556819 - 2 MMS_A0525, MMS_A0526 

556976 560681 - 4 rnc, plsX, MMS_A0529, MMS_A0530 

561277 568990 + 8 MMS_A0533, MMS_A0534, pstA, pstB, phoU, ftsY, 

MMS_A0539, MMS_A0540 

569200 575000 + 6 metK, MMS_A0542, trmFO, MMS_A0544, 

MMS_A0545, MMS_A0546 

575031 580497 - 3 MMS_A0547, MMS_A0548, MMS_A0549 

580700 582934 + 3 sufS, MMS_A0551, MMS_A0552 

585070 588152 + 4 pgi, MMS_A0555, MMS_A0556, MMS_A0557 

589922 594551 + 2 parE, parC 

598776 601789 + 3 MMS_A0564, gtsB, gtsC 

606722 609725 + 2 MMS_A0572, MMS_A0573 

609776 611187 - 4 MMS_A0574, MMS_A0575, MMS_A0576, 

MMS_A0577 

611264 614660 - 4 MMS_A0578, MMS_A0579, MMS_A0580, 

MMS_A0581 

614847 616441 + 2 MMS_A0582, MMS_A0583 

619745 621980 - 2 MMS_A0587, MMS_A0588 

627204 628704 + 2 MMS_A0594, ruvB 

631038 633070 + 2 MMS_A0599, yqeH 

639222 641725 - 3 MMS_A0604, MMS_A0605, MMS_A0606 

641881 646536 - 5 MMS_A0607, MMS_A0608, MMS_A0609, 

MMS_A0610, nanA 

646700 647602 - 3 rpmA, MMS_A0613, rplU 

647746 649057 - 2 MMS_A0616, yraL 

650188 650651 - 2 MMS_A0619, MMS_A0620 

651189 652782 + 2 MMS_A0621, MMS_A0622 

656948 658383 - 2 MMS_A0626, MMS_A0627 

661186 662796 - 2 MMS_A0635, MMS_A0636 

664223 670505 - 6 MMS_A0638, MMS_A0639, MMS_A0640, 

MMS_A0641, lspA, ileS 

671256 673846 - 3 MMS_A0644, MMS_A0645, ftsZ 

673904 676469 - 3 MMS_A0647, mraW, MMS_A0649 



 

160 
 

C

ha

pt

er 

8 

 

 

 

 

A

pp

en

di

x 

Chapter 8      Appendix 

Start Stop Strand ≠ Genes Genes names/ Locus tags 

676576 685827 - 6 rpmF, MMS_A0651, pheT, pheS, MMS_A0654, 

MMS_A0655 

690993 693931 - 3 argS, frr, pyrH 

699901 702283 - 3 MMS_A0667, tsf, rpsB 

702489 709274 - 5 dnaJ, dnaK, grpE, hrcA, clpB 

709437 711463 - 3 MMS_A0675, MMS_A0676, rdgB 

714218 727637 - 9 atpD_1, MMS_A0680, MMS_A0681, MMS_A0682, 

MMS_A0683, MMS_A0684, MMS_A0685, 

MMS_A0686, MMS_A0687 

727910 732737 - 2 MMS_A0688, MMS_A0689 

732904 734330 - 2 MMS_A0690, MMS_A0691 

736524 739234 - 2 MMS_A0693, MMS_A0694 

741426 746296 - 2 MMS_A0696, MMS_A0697 

746761 747491 - 2 MMS_A0699, MMS_A0700 

747829 748843 - 3 MMS_A0701, MMS_A0702, MMS_A0703 

750419 754003 + 4 MMS_A0705, MMS_A0706, MMS_A0707, 

MMS_A0709 

757771 759378 - 2 MMS_A0712, MMS_A0713 

767798 769197 + 2 MMS_A0722, MMS_A0723 

769214 770076 - 2 MMS_A0724, MMS_A0725 

771870 772920 + 2 MMS_A0728, MMS_A0729 

776896 779747 + 2 MMS_A0734, MMS_A0735 

781766 783100 - 3 MMS_A0737, MMS_A0738, MMS_A0739 

783735 786916 - 2 MMS_A0740, MMS_A0741 

789539 791671 - 2 MMS_A0744, MMS_A0745 

791828 798370 - 3 mutM, polA, MMS_A0748 

800525 803425 - 3 tyrS, MMS_A0751, MMS_A0752 

803500 805201 + 2 MMS_A0753, MMS_A0754 

805501 806697 - 4 MMS_A0757, MMS_A0758, MMS_A0759, 

MMS_A0760 

810748 812425 + 2 MMS_A0764, MMS_A0765 

815015 818650 - 4 aguA, MMS_A0770, MMS_A0771, argF 

818884 820535 + 3 MMS_A0773, MMS_A0774, MMS_A0775 

821135 825178 - 2 MMS_A0777, leuS 

828427 829280 - 2 rpsI, rplM 

829410 837557 - 5 MMS_A0783, MMS_A0784, MMS_A0785, 

MMS_A0786, MMS_A0787 

839627 843594 - 8 rplQ, rpoA, rpsK, rpsM, rpmJ, infA, map, 

MMS_A0796 
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843722 854191 - 20 secY, rplO, rpsE, rplR, rplF, rpsH, rpsN, 

MMS_A0804, rplX, rplN, rpsQ, rpmC, rplP, rpsC, 

rplV, rpsS, rplB, rplW, rplD, rplC 

855931 859114 - 2 MMS_A0819, MMS_A0820 

859179 860418 - 2 MMS_A0821, MMS_A0822 

860547 861439 + 2 MMS_A0823, MMS_A0824 

863187 866414 - 3 MMS_A0831, MMS_A0832, MMS_A0833 

867251 876360 - 7 gatB, gatA, gatC, ligA, MMS_A0839, MMS_A0840, 

MMS_A0841 

876751 880647 - 3 MMS_A0843, MMS_A0844, MMS_A0845 

880936 881792 - 2 MMS_A0846, MMS_A0847 

885602 888861 - 2 MMS_A0850, MMS_A0851 

889296 892263 - 3 MMS_A0852, MMS_A0853, MMS_A0854 

894500 897303 - 2 MMS_A0857, MMS_A0858 

899430 900223 + 2 MMS_A0860, MMS_A0861 

902572 904765 - 2 MMS_A0863, MMS_A0864 

906498 907583 + 2 MMS_A0868, MMS_A0869 

911826 914775 - 3 MMS_A0872, MMS_A0873, MMS_A0874 

918531 920763 - 2 MMS_A0877, MMS_A0878 

921981 923582 + 2 MMS_A0881, MMS_A0882 

942032 946905 + 5 tpiA, MMS_A0906, gpmI, MMS_A0908, MMS_A0909 

946971 949327 - 2 deoC, MMS_A0911 

950879 954551 - 3 MMS_A0913, pfkB, MMS_A0915 

956586 958010 - 2 MMS_A0918, MMS_A0919 

959339 963145 - 4 MMS_A0921, bgl, MMS_A0923, MMS_A0924 

964930 969949 - 3 MMS_A0928, MMS_A0929, MMS_A0930 

970115 973291 - 3 hpt_2, purB, purA 

973486 974896 + 3 MMS_A0934, MMS_A0935, MMS_A0936 

974995 978645 - 3 MMS_A0937, nrdI, MMS_A0939 

978947 982319 + 4 secG, MMS_A0941, smpB, MMS_A0943 

988055 989022 + 2 MMS_A0948, MMS_A0949 

990998 992447 - 3 arcC_2, MMS_A0952, MMS_A0953 

999789 1001808 + 2 MMS_A0958, MMS_A0959 

1006121 1007596 - 2 arcC_3, MMS_A0965 

1014710 1021361 - 9 MMS_A0970, atpD_2, atpG, atpA, atpH, atpF, atpE, 

MMS_A0977, MMS_A0978 

1022459 1024127 - 2 glyA, rpiB 

1026818 1028229 + 2 MMS_A0984, MMS_A0985 

1032636 1034047 - 2 MMS_A0990, MMS_A0991 
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1034394 1040300 + 4 MMS_A0992, MMS_A0993, MMS_A0994, 

MMS_A0995 

1042130 1047266 + 7 pgsA, gidB, MMS_A0999, MMS_A1000, ychF, 

MMS_A1002, MMS_A1003 

1047466 1049140 - 2 MMS_A1004, MMS_A1005 

1053470 1056378 + 3 MMS_A1010, MMS_A1011, MMS_A1012 

1056472 1058015 + 3 MMS_A1013, MMS_A1014, MMS_A1015 

1058532 1058996 + 3 MMS_A1016, MMS_A1017, MMS_A1018 

1064594 1065174 - 2 MMS_A1023, MMS_A1024 

1067411 1069032 - 2 MMS_A1026, MMS_A1027 

1069271 1079969 - 8 MMS_A1028, trxB, MMS_A1030, hprK, 

MMS_A1032, folC, uvrA, uvrB 

1080256 1082678 + 2 holA, MMS_A1037 

1083054 1084108 + 2 MMS_A1039, MMS_A1040 

1087295 1088568 + 2 prs, MMS_A1045 

1089431 1091193 + 2 rplI, dnaB 

1092704 1095700 + 3 MMS_A1050, cysS, MMS_A1052 

1095922 1096894 + 2 secE, MMS_A1054 

1097334 1111084 + 6 MMS_A1055, MMS_A1056, MMS_A1057, 

MMS_A1058, MMS_A1059, MMS_A1060 

1113277 1115220 - 2 MMS_A1062, galE_1 

1121060 1123003 - 2 MMS_A1068, galE_2 

1123306 1124654 + 2 MMS_A1070, MMS_A1071 

1128523 1129989 - 2 glf, MMS_A1076 

1131030 1132378 + 2 MMS_A1078, MMS_A1079 

1136797 1137335 - 2 MMS_A1083, MMS_A1084 

1139316 1140424 + 2 rplK, rplA 

1150357 1151291 + 2 rplJ, rplL 

1151462 1160281 + 3 MMS_A1103, rpoB, rpoC 

1162935 1164580 - 4 MMS_A1108, MMS_A1109, MMS_A1110, asnA 

1167848 1170785 - 2 MMS_A1114, MMS_A1115 

1175377 1177581 - 2 MMS_A1121, MMS_A1122 

1185567 1188846 - 2 MMS_A1133, MMS_A1134 

1189043 1193523 - 6 MMS_A1135, MMS_A1136, MMS_A1137, yidC, 

rnpA, rpmH 
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Appendix 6. Metabolic pathways undertaken by the 34 differentially expressed 

genes (KEGG) 

Locus tag Pathways Enzymes 

MMS_A0034 Glycolysis / Gluconeogenesis ec:1.1.1.27 - dehydrogenase 

MMS_A0034 Cysteine and methionine metabolism ec:1.1.1.27 - dehydrogenase 

MMS_A0034 Pyruvate metabolism ec:1.1.1.28 - dehydrogenase 

MMS_A0034 Pyruvate metabolism ec:1.1.1.27 - dehydrogenase 

MMS_A0034 Vitamin B6 metabolism ec:1.1.1.290 - dehydrogenase 

MMS_A0034 Propanoate metabolism ec:1.1.1.27 - dehydrogenase 

MMS_A0185 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0185 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0185 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0185 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0185 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0185 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0185 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0186 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0186 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0187 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0187 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0188 Galactose metabolism ec:3.2.1.20 - maltase 

MMS_A0188 Starch and sucrose metabolism ec:3.2.1.20 - maltase 

MMS_A0252 Purine metabolism ec:3.6.1.3 - adenylpyrophosphatase 

MMS_A0252 Purine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0252 Thiamine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0292 Glycerophospholipid metabolism ec:1.1.3.21 - oxidase 

MMS_A0292 Glycerophospholipid metabolism ec:1.1.5.3 - dehydrogenase 
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MMS_A0292 Glyoxylate and dicarboxylate metabolism ec:1.1.3.15 - oxidase 

MMS_A0519 Purine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0519 Thiamine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0541 Cysteine and methionine metabolism ec:2.5.1.6 - adenosyltransferase 

MMS_A0544 Fructose and mannose metabolism ec:5.3.1.8 - isomerase 

MMS_A0544 

Amino sugar and nucleotide sugar 

metabolism 
ec:5.3.1.8 - isomerase 

MMS_A0773 Purine metabolism ec:3.6.1.3 - adenylpyrophosphatase 

MMS_A0773 Purine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0773 Thiamine metabolism ec:3.6.1.15 - phosphatase 

MMS_A0913 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0913 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0913 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0913 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0913 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0913 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0913 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0914 Galactose metabolism ec:2.7.1.144 - kinase 

MMS_A0914 Fructose and mannose metabolism ec:2.7.1.56 - fructose-1-phosphate kinase 

MMS_A0939 Purine metabolism ec:1.17.4.1 - reductase 

MMS_A0939 Pyrimidine metabolism ec:1.17.4.1 - reductase 

MMS_A0939 Glutathione metabolism ec:1.17.4.1 - reductase 

MMS_A0958 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0958 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0958 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0958 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0958 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0958 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0958 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Galactose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Fructose and mannose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Glycolysis / Gluconeogenesis ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Starch and sucrose metabolism ec:2.7.1.69 - phosphotransferase 

MMS_A0959 

Amino sugar and nucleotide sugar 

metabolism 
ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Pentose phosphate pathway ec:2.7.1.69 - phosphotransferase 

MMS_A0959 Ascorbate and aldarate metabolism ec:2.7.1.69 - phosphotransferase 
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Appendix 7. Twenty-five UniProt entries not encoded by unique open reading 
frames (ORF) 
 

Entry locus tag 

Protein 

Length Protein names 

D9QW53 MMS_A0061 557 Transposase, IS4 family 

 

MMS_A0399 557 Transposase, IS4 family 

 

MMS_A1072 557 Transposase, IS4 family 

D9QWA2 MMS_A0116 177 Putative UTP--glucose-1-phosphate uridylyltransferase 

 

MMS_A0121 177 Putative UTP--glucose-1-phosphate uridylyltransferase 

D9QWA3 MMS_A0117 99 Conserved domain protein 

 

MMS_A0122 99 Conserved domain protein 

D9QWA4 MMS_A0118 180 Conserved domain protein 

 

MMS_A0123 180 Conserved domain protein 

D9QWA5 MMS_A0119 449 Glycosyltransferase, group 2 family protein (EC 2.4.-.-) 

 

MMS_A0124 449 Glycosyltransferase, group 2 family protein (EC 2.4.-.-) 

D9QWA6 MMS_A0120 304 Glycosyltransferase, group 2 family protein (EC 2.4.-.-) 

 

MMS_A0125 304 Glycosyltransferase, group 2 family protein (EC 2.4.-.-) 

D9QWC3 MMS_A0137 50 Conserved domain protein 

 

MMS_A0374 50 Conserved domain protein 

 

MMS_A0445 50 Conserved domain protein 

 

MMS_A0622 50 Conserved domain protein 

 

MMS_A0765 50 Conserved domain protein 

D9QWD4 MMS_A0148 60 Conserved domain protein 

 

MMS_A0935 60 Conserved domain protein 

D9QWD5 MMS_A0149 224 Putative transposase InsK for insertion sequence IS150 

 

MMS_A0936 224 Putative transposase InsK for insertion sequence IS150 

D9QWE3 MMS_A0157 283 Uncharacterized protein 

 

MMS_A0986 283 Uncharacterized protein 

D9QWE4 MMS_A0158 286 Putative transposase InsK for insertion sequence IS150 

 

MMS_A0270 286 Putative transposase InsK for insertion sequence IS150 

 

MMS_A0985 286 Putative transposase InsK for insertion sequence IS150 

D9QWE9 MMS_A0163 243 Putative transposase InsK for insertion sequence IS150 

 

MMS_A0403 243 Putative transposase InsK for insertion sequence IS150 

 

MMS_A1130 243 Putative transposase InsK for insertion sequence IS150 

D9QWM5 MMS_A0240 161 Uncharacterized protein 

 

MMS_A0269 161 Uncharacterized protein 

D9QWR1 MMS_A0276 557 Transposase, IS4 family 

 

MMS_A0367 557 Transposase, IS4 family 

 

MMS_A0887 557 Transposase, IS4 family 
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Entry 

 

locus tag 

Protein 

Length 

 

Protein names 

D9QWY6 MMS_A0351 557 Transposase, IS4 family 

 

MMS_A0378 557 Transposase, IS4 family 

D9QX10 MMS_A0376 59 Conserved domain protein (Uncharacterized protein) 

 

MMS_A0457 59 Conserved domain protein (Uncharacterized protein) 

 

MMS_A0620 59 Conserved domain protein (Uncharacterized protein) 

 

MMS_A1131 59 Conserved domain protein (Uncharacterized protein) 

D9QX37 MMS_A0404 180 Uncharacterized protein 

 

MMS_A0577 180 Uncharacterized protein 

 

MMS_A0739 180 Uncharacterized protein 

 

MMS_A0860 180 Uncharacterized protein 

 

MMS_A0934 180 Uncharacterized protein 

 

MMS_A0984 180 Uncharacterized protein 

D9QX51 MMS_A0418 182 Conserved domain protein 

 

MMS_A0730 182 Conserved domain protein 

D9QX94 MMS_A0461 117 Transposase InsK for insertion sequence IS150 family protein 

 

MMS_A0862 117 Transposase InsK for insertion sequence IS150 family protein 

D9QXL9 MMS_A0590 557 Transposase, IS4 family 

 

MMS_A0736 557 Transposase, IS4 family 

 

MMS_A0749 557 Transposase, IS4 family 

D9QYC5 MMS_A0863 249 ABC transporter, ATP-binding protein 

 

MMS_A0877 249 ABC transporter, ATP-binding protein 

D9QYD0 MMS_A0869 133 Putative endoribonuclease L-PSP 

 

MMS_A0882 133 Putative endoribonuclease L-PSP 

D9QYJ6 MMS_A0945 83 Uncharacterized protein 

 

MMS_A0957 83 Uncharacterized protein 

D9QYW2 *MMS_A1063 334 UDP-glucose 4-epimerase (EC 5.1.3.2) 

 

*MMS_A1069 334 UDP-glucose 4-epimerase (EC 5.1.3.2) 

D9QYW9 MMS_A1070 72 Conserved domain protein 

 

MMS_A1078 72 Conserved domain protein 

*MMS_A1063 and MMS_A1069 are galE_1 and galE_2, respectively 
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Appendix 8. Proteins identified from Mmm grown in non-inactivated bovine serum  

Accession Description 

D9QVZ4 Chromosomal replication initiator protein DnaA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QVZ8 Conserved domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QVZ9 DNA gyrase subunit B OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW00 DNA gyrase subunit A OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW02 Amino acid or sugar ABC transport system, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW03 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW04 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW05 Methionine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW07 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW22 FMN-dependent NADH-azoreductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW23 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW27 4-phosphoerythronate dehydrogenase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW32 ATP-dependent zinc metalloprotease FtsH OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW36 Transcriptional regulator, RpiR family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QW41 DNA polymerase III, subunit gamma and tau OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW43 GMP reductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QW59 Serine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW61 tRNA-dihydrouridine synthase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW62 Lysine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW68 Phosphonate ABC transporter, permease protein PhnE OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW70 Putative phosphonate ABC transporter, phosphonate-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW71 Asparagine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW76 tRNA modification GTPase MnmE OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW80 Protein translocase subunit SecA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW93 Exodeoxyribonuclease 7 large subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QW95 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWA5 Glycosyltransferase, group 2 family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWB2 Nucleotidyl transferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QWB5 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWC0 Transporter, major facilitator family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWD7 Phosphotransferase system, EIIC OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWD8 Glutamate--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWE1 CTP synthase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWE6 Fructose-1,6-bisphosphate aldolase, class II OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWF4 Glycerophosphodiester phosphodiesterase family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWF6 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWF7 DHHA1 domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWF9 Peptide chain release factor 1 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWG3 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWG5 Phospholipase D domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWG7 30S ribosomal protein S7 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWG8 Elongation factor G OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWG9 Elongation factor Tu OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWH5 Cytosol aminopeptidase family, catalytic domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWJ0 Alanine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWJ2 ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWJ4 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWJ5 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWJ6 Bacterial extracellular solute-binding protein, family 5 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWK4 Fic family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWN7 Spermidine/putrescine import ATP-binding protein PotA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWN8 ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWN9 ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWQ3 Oligoendopeptidase F OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWS1 Enolase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWS4 Hypoxanthine phosphoribosyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWS5 Transporter, major intrinsic protein (MIP) family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QWS6 Glycerol kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWS7 FAD dependent oxidoreductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWS8 ATP-dependent 6-phosphofructokinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWS9 Pyruvate kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT0 Threonine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT1 Pyridine nucleotide-disulfide oxidoreductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT2 Lipoyltransferase and lipoate-protein ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT3 Pyruvate dehydrogenase E1 component, alpha subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWT4 Transketolase, pyridine binding domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QWT5 2-oxo acid dehydrogenase acyltransferase (Catalytic domain) OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT6 Dihydrolipoyl dehydrogenase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT7 Phosphate acetyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWT8 Acetate kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWU1 Phosphoenolpyruvate-protein phosphotransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWU2 PTS system, glucose subfamily, IIA component OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWU3 Dihydroxyacetone kinase, L subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWV3 Regulatory protein PfoR OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWW1 Transcription elongation factor GreA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWW3 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWW5 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWW8 Valine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWZ6 Proline--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QWZ9 Elongation factor 4 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX02 Aspartate--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX03 Histidine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX09 Transposase, IS4 family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX18 Translation initiation factor IF-2 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX24 DNA polymerase III polC-type OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX26 Peptidase, M24 family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QX27 Tryptophan--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX30 RmuC domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX43 Transketolase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX45 Putative membrane protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QX71 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX79 Inorganic pyrophosphatase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QX83 GTPase Der OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXA1 Ribonuclease Y OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXA2 Signal recognition particle protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXA8 Ribosome biogenesis GTPase A OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXB1 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXB6 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXB7 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXB8 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXC1 GTPase Obg OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXD4 Trigger factor OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXD5 Lon protease OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXD7 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXD8 Efflux ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXD9 DJ-1 family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXE7 RNA polymerase sigma factor OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXF0 DEAD/DEAH box helicase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXF2 Putative membrane protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXF4 Putative GTP diphosphokinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXF5 Chromosome partition protein Smc OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXF9 Phosphate acyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXG0 DAK2 domain fusion protein YloV OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXG4 Phosphate ABC transporter, phosphate-binding family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXG8 Signal recognition particle receptor FtsY OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QXH1 S-adenosylmethionine synthase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXH6 HD domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXH7 Histidine triad domain protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXH8 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXH9 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXI4 Glucose-6-phosphate isomerase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXI8 Putative glyceraldehyde-3-phosphate dehydrogenase (NADP+) OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXI9 DNA topoisomerase IV, B subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXJ4 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXJ7 Putative lipoprotein (LppB) OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXK7 Oxidoreductase, FAD/FMN-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXK8 Lipoyltransferase and lipoate-protein ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXL3 L-lactate dehydrogenase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXM0 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXM5 Pyridine nucleotide-disulfide oxidoreductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXM9 Ribosome biogenesis GTPase YqeH OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXN5 Putative dipeptidase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXN6 Putative N-acetylmannosamine-6-phosphate 2-epimerase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXQ2 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXQ7 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXQ9 Acyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXR9 Cell division protein FtsZ OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXS5 Phenylalanine--tRNA ligase beta subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QXS6 Phenylalanine--tRNA ligase alpha subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXS8 Efflux ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXS9 Arginine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXT0 Ribosome-recycling factor OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXT1 Uridylate kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXT8 Elongation factor Ts OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QXT9 30S ribosomal protein S2 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU1 Chaperone protein DnaK OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU2 Protein GrpE OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU3 Heat-inducible transcription repressor hrcA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU4 Chaperone protein ClpB OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU5 Cof-like hydrolase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU8 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXU9 ATP synthase F1, beta subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXV0 ATP synthase F1, alpha subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXV1 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXV4 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXV6 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QXV8 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY04 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY12 Phosphoglycerate kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY13 Glyceraldehyde-3-phosphate dehydrogenase, type I OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY17 DNA-directed DNA polymerase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY21 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY23 EDD domain protein, DegV family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY24 EDD domain protein, DegV family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY39 Putrescine carbamoyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY44 Putative membrane protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY46 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY49 Efflux ABC transporter, permease protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY52 Energy-coupling factor transporter ATP-binding protein EcfA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY53 Energy-coupling factor transporter ATP-binding protein EcfA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY56 DNA-directed RNA polymerase subunit alpha OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY62 Adenylate kinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY63 Protein translocase subunit SecY OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 
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Accession Description 

D9QY65 30S ribosomal protein S5 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY70 50S ribosomal protein L5 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY74 Ribosomal protein L29 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY76 30S ribosomal protein S3 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY79 50S ribosomal protein L2 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY81 50S ribosomal protein L4 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY84 Dihydroxyacetone kinase, DhaK subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY85 Putative alpha,alpha-phosphotrehalase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QY86 Phosphotransferase system, EIIC OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY93 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY97 Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase subunit B OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QY98 Glutamyl-tRNA(Gln) and/or aspartyl-tRNA(Asn) amidotransferase, A subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYA0 DNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYA7 Glycosyltransferase, group 2 family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYB0 Peptide methionine sulfoxide reductase MsrA OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYC6 ABC transporter, substrate-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYD1 Transposase, IS4 family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYF4 Glucosamine-6-phosphate deaminase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYF6 Triosephosphate isomerase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYF8 2,3-bisphosphoglycerate-independent phosphoglycerate mutase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYG0 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYG1 Deoxyribose-phosphate aldolase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYG2 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYG3 Putative pyrimidine-nucleoside phosphorylase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYG4 Phosphoenolpyruvate-dependent sugar phosphotransferase system, EIIA 2 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYI3 Adenylosuccinate lyase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYI4 Adenylosuccinate synthetase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYI8 Ribonucleoside-diphosphate reductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYJ0 Ribonucleoside-diphosphate reductase, beta subunit OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QYJ2 Ribonuclease R OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYJ7 Phosphotransferase system, EIIC OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYL9 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYM2 ATP synthase subunit beta OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYM4 ATP synthase subunit alpha OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYN0 Uracil phosphoribosyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYN1 Serine hydroxymethyltransferase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYN2 Ribose-5-phosphate isomerase B OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYP3 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYQ4 C4-dicarboxylate anaerobic carrier OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYS2 DNA topoisomerase 1 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYT0 Thioredoxin-disulfide reductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYT2 HPr kinase/phosphorylase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYT8 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYU3 Ribose-phosphate diphosphokinase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYU8 Putative lipoprotein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYV0 Cysteine--tRNA ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYV3 Transcription termination/antitermination protein NusG OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYV4 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYV9 ABC transporter, ATP-binding protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYW2 UDP-glucose 4-epimerase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYY4 Glycosyltransferase, group 2 family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QYZ8 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QYZ9 50S ribosomal protein L10 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QZ02 DNA-directed RNA polymerase subunit beta OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QZ03 DNA-directed RNA polymerase subunit beta' OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QZ09 Aspartate--ammonia ligase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QZ12 Transporter, dicarboxylate/amino acid:cation Na+/H+ symporter family protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QZ13 Pyridine nucleotide-disulfide oxidoreductase OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  
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Accession Description 

D9QZ15 Uncharacterized protein OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

D9QZ31 Peptidase families S8 and S53 OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QZ32 ATPase, AAA family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale)  

D9QZ36 Membrane protein insertase, YidC/Oxa1 family OS=Mycoplasma mycoides subsp. mycoides SC (strain Gladysdale) 

A2I7M9 Serpin A3-2 OS=Bos taurus  

A2I7N1 Serpin A3-5 OS=Bos taurus  

A2I7N3 Serpin A3-7 OS=Bos taurus  

A2VDL2 Solute carrier family 2 (Facilitated glucose transporter), member 3 OS=Bos taurus  

A2VE41 EGF-containing fibulin-like extracellular matrix protein 1 OS=Bos taurus  

A5D7E1 MGC139254 protein OS=Bos taurus 

A5D984 Pyruvate kinase OS=Bos taurus 

A5D9E9 Complement component 1, r subcomponent OS=Bos taurus 

A5PJ69 SERPINA10 protein OS=Bos taurus  

A5PJE3 Fibrinogen alpha chain OS=Bos taurus  

A5PJU2 MMRN1 protein OS=Bos taurus  

A5PKC2 SHBG protein OS=Bos taurus  

A6QLB3 ITGA2B protein OS=Bos taurus  

A6QLL8 ALDOA protein OS=Bos taurus  

A6QNZ7 Keratin 10 (Epidermolytic hyperkeratosis; keratosis palmaris et plantaris) OS=Bos taurus  

A6QPP2 SERPIND1 protein OS=Bos taurus  

A7E350 PLG protein OS=Bos taurus  

B8Y9S9 Embryo-specific fibronectin 1 transcript variant OS=Bos taurus  

E1B7J1 Elongation factor 1-alpha OS=Bos taurus  

E1B805 Uncharacterized protein (Fragment) OS=Bos taurus  

E1BH06 Uncharacterized protein OS=Bos taurus  

E1BJ49 Uncharacterized protein (Fragment) OS=Bos taurus  

E1BMJ0 Uncharacterized protein OS=Bos taurus  

E1BNR0 Uncharacterized protein OS=Bos taurus  

F1MB08 Alpha-enolase OS=Bos taurus  
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Accession Description 

F1MC11 Keratin, type I cytoskeletal 14 OS=Bos taurus  

F1MCF8 Uncharacterized protein OS=Bos taurus  

F1MDH3 Uncharacterized protein (Fragment) OS=Bos taurus 

F1MI18 Uncharacterized protein OS=Bos taurus 

F1MJH1 Gelsolin OS=Bos taurus  

F1MJQ3 Alpha-amylase OS=Bos taurus  

F1MJZ4 Uncharacterized protein (Fragment) OS=Bos taurus  

F1MKS5 Histidine-rich glycoprotein OS=Bos taurus  

F1MLW8 Uncharacterized protein OS=Bos taurus  

F1MM32 Sulfhydryl oxidase OS=Bos taurus  

F1MM86 Complement component C6 OS=Bos taurus  

F1MMD7 Inter-alpha-trypsin inhibitor heavy chain H4 OS=Bos taurus 

F1MMP5 Inter-alpha-trypsin inhibitor heavy chain H1 OS=Bos taurus 

F1MNH3 Uncharacterized protein OS=Bos taurus  

F1MNM2 Phosphatidylinositol-glycan-specific phospholipase D OS=Bos taurus  

F1MNN7 Lipopolysaccharide-binding protein OS=Bos taurus  

F1MNV5 Kininogen-1 OS=Bos taurus  

F1MNW4 Inter-alpha-trypsin inhibitor heavy chain H2 OS=Bos taurus  

F1MPU0 Clathrin heavy chain 1 (Fragment) OS=Bos taurus  

F1MQ37 Uncharacterized protein OS=Bos taurus  

F1MSZ6 Antithrombin-III OS=Bos taurus  

F1MTN1 Integrin beta OS=Bos taurus 

F1MVK1 Uncharacterized protein (Fragment) OS=Bos taurus  

F1MVP0 Uncharacterized protein (Fragment) OS=Bos taurus  

F1MVS9 Uncharacterized protein OS=Bos taurus  

F1MW44 Coagulation factor XIII A chain OS=Bos taurus 

F1MX87 Uncharacterized protein OS=Bos taurus  

F1MY85 Complement C5a anaphylatoxin OS=Bos taurus  

F1MYN5 Fibulin-1 OS=Bos taurus  
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Accession Description 

F1N045 Complement component C7 OS=Bos taurus 

F1N076 Uncharacterized protein OS=Bos taurus  

F1N102 Uncharacterized protein OS=Bos taurus  

F1N1W7 Neural cell adhesion molecule 1 (Fragment) OS=Bos taurus 

F1N2R1 Uncharacterized protein OS=Bos taurus  

F1N3A1 Thrombospondin-1 OS=Bos taurus  

F1N3Q7 Apolipoprotein A-IV OS=Bos taurus  

F1N514 Uncharacterized protein OS=Bos taurus  

F1N5M2 Vitamin D-binding protein OS=Bos taurus  

F1N789 Uncharacterized protein OS=Bos taurus  

G3MWT1 Uncharacterized protein OS=Bos taurus  

G3MXB5 Uncharacterized protein (Fragment) OS=Bos taurus  

G3MY87 Uncharacterized protein OS=Bos taurus  

G3N0V0 Uncharacterized protein (Fragment) OS=Bos taurus  

G3N0V2 Uncharacterized protein OS=Bos taurus  

G3N1U4 Serpin A3-6 OS=Bos taurus  

G3N3E4 Uncharacterized protein OS=Bos taurus 

G3X6I0 Uncharacterized protein (Fragment) OS=Bos taurus  

G3X6N3 Serotransferrin OS=Bos taurus  

G5E513 Uncharacterized protein (Fragment) OS=Bos taurus  

G5E5T5 Uncharacterized protein (Fragment) OS=Bos taurus 

G5E5V0 Carboxypeptidase N catalytic chain OS=Bos taurus  

G8JKW7 Uncharacterized protein OS=Bos taurus  

M0QVZ6 Keratin, type II cytoskeletal 5 OS=Bos taurus  

O02659 Mannose-binding protein C OS=Bos taurus  

P00432 Catalase OS=Bos taurus  

P00735 Prothrombin OS=Bos taurus  

P00741 Coagulation factor IX (Fragment) OS=Bos taurus  

P00743 Coagulation factor X OS=Bos taurus  
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Accession Description 

P01030 Complement C4 (Fragments) OS=Bos taurus  

P01044 Kininogen-1 OS=Bos taurus  

P01044-2 Isoform LMW of Kininogen-1 OS=Bos taurus  

P01045 Kininogen-2 OS=Bos taurus  

P01966 Hemoglobin subunit alpha OS=Bos taurus  

P02070 Hemoglobin subunit beta OS=Bos taurus 

P02676 Fibrinogen beta chain OS=Bos taurus  

P02769 Serum albumin OS=Bos taurus 

P07224 Vitamin K-dependent protein S OS=Bos taurus  

P12763 Alpha-2-HS-glycoprotein OS=Bos taurus  

P15497 Apolipoprotein A-I OS=Bos taurus  

P17697 Clusterin OS=Bos taurus  

P23805 Conglutinin OS=Bos taurus  

P28800 Alpha-2-antiplasmin OS=Bos taurus  

P34955 Alpha-1-antiproteinase OS=Bos taurus  

P56652 Inter-alpha-trypsin inhibitor heavy chain H3 OS=Bos taurus  

P60712 Actin, cytoplasmic 1 OS=Bos taurus  

P81187 Complement factor B OS=Bos taurus  

Q03247 Apolipoprotein E OS=Bos taurus  

Q05443 Lumican OS=Bos taurus  

Q08DP0 Phosphoglucomutase-1 OS=Bos taurus  

Q0VCM4 Glycogen phosphorylase, liver form OS=Bos taurus 

Q0VCX1 Complement C1s subcomponent OS=Bos taurus  

Q0VCX2 78 kDa glucose-regulated protein OS=Bos taurus  

Q27970 Calpain-1 catalytic subunit OS=Bos taurus 

Q28065 C4b-binding protein alpha chain OS=Bos taurus  

Q28085 Complement factor H OS=Bos taurus  

Q28107 Coagulation factor V OS=Bos taurus  

Q29437 Primary amine oxidase, liver isozyme OS=Bos taurus  
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Accession Description 

Q2HJ49 Moesin OS=Bos taurus  

Q2KIF2 Leucine-rich alpha-2-glycoprotein 1 OS=Bos taurus 

Q2KIW4 Lecithin-cholesterol acyltransferase OS=Bos taurus  

Q2KJ63 Plasma kallikrein OS=Bos taurus  

Q2KJC7 Periostin variant 7 OS=Bos taurus  

Q2KJF1 Alpha-1B-glycoprotein OS=Bos taurus  

Q2TBQ1 Coagulation factor XIII, B polypeptide OS=Bos taurus  

Q2UVX4 Complement C3 OS=Bos taurus 

Q3MHN2 Complement component C9 OS=Bos taurus  

Q3SYR8 Immunoglobulin J chain OS=Bos taurus 

Q3SZH5 Angiotensinogen OS=Bos taurus  

Q3SZV7 Hemopexin OS=Bos taurus  

Q3SZZ9 FGG protein OS=Bos taurus  

Q3ZBS7 Uncharacterized protein OS=Bos taurus  

Q58CQ9 Pantetheinase OS=Bos taurus  

Q58DL9 Phospholipid transfer protein OS=Bos taurus  

Q5E9B1 L-lactate dehydrogenase B chain OS=Bos taurus 

Q7SIH1 Alpha-2-macroglobulin OS=Bos taurus  

Q95121 Pigment epithelium-derived factor OS=Bos taurus  

Q95122 Monocyte differentiation antigen CD14 OS=Bos taurus  

Q9N2I2 Plasma serine protease inhibitor OS=Bos taurus  

Q9TTE1 Serpin A3-1 OS=Bos taurus  

Q9XSG3 Isocitrate dehydrogenase [NADP] cytoplasmic OS=Bos taurus  
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