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AIDS	 	 	 	 Acquired Immune Deficiency Syndrome

ATCC	 	 	 	 American Type Culture Collection

BSA	 	 	 	 Bovine Serum Albumine

CARDS	 	 	 Community-Acquired Respiratory Distress Syndrome

Cryo-EM	 	 	 Cryo-Electron Microscopy

CSP	 	 	 	 Chemical Shift Perturbation

DNA	 	 	 	 Deoxyribonucleic Acid

dNTP	 	 	 	 Deoxynucleoside Trisphosphate

EAGR	 	 	 	 Enriched in Aromatic and Glycine Residues

ECT	 	 	 	 Electron Cryotomography

FC	 	 	 	 Flow Cytometry

FSC-H		 	 	 Forward Scatter - Height

HA	 	 	 	 Hemadsorption

HSQC		 	 	 Heteronuclear Single Quantum Coherence

NBT/BCIP	 	 	 Nitro-Blue Tetrazolium/ 5-bromo-4-chloro-3’-indolyphosphate

NGU	 	 	 	 Non-Gonococcal Urethritis

NMR	 	 	 	 Nuclear Magnetic Resonance

O/N	 	 	 	 Overnight

ORF	 	 	 	 Open Reading Frame

PAP	 	 	 	 Primary Atypical Pneumonia

PCR	 	 	 	 Polymerase Chain Reaction

PI	 	 	 	 Propidium Iodide

PID	 	 	 	 Pelvic Inflammatory Disease

PVDF	 	 	 	 Polyvinylidene Difluoride

RBC	 	 	 	 Red Blood Cell

RNA	 	 	 	 Ribonucleic Acid

SARA	 	 	 	 Sexually Acquired Reactive Arthritis

SDS-PAGE	 	 	 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

SEM	 	 	 	 Scanning Electron Microscopy

SPR	 	 	 	 Surface Plasmon Resonance

SSC-H		 	 	 Side Scatter - Height

TO	 	 	 	 Terminal Organelle

WBC	 	 	 	 White Blood Cell

WT	 	 	 	 Wild Type
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General Introduction

1. The mycoplasmas

The genus Mycoplasma belongs to the class Mollicutes. The cell wall-less bacteria from 
this class constitute a distinct phylogenetic lineage that have arisen from Gram-positive 
ancestors by genome reduction (Woese et al., 1980), with genome sizes ranging from 580 
to 2,200 kb (Fraser et al., 1995, Tully et al., 1995b) and a G+C content usually as low as 
23-31% (Barre et al., 2004, Razin et al., 1998a). Mollicutes only have one or two rRNA 
operons, fewer tRNA genes than other bacteria and their RNA polymerase is resistant to 
rifampin (Gaurivaud et al., 1996, Krieg et al., 2011). In some genus, the UGA codon encodes 
for tryptophan instead of a Stop (Inamine et al., 1990, Citti et al., 1992, Navas-Castillo et 
al., 1992). Mollicutes are among the smallest cells known, usually ranging from 200 to 
500 nm in diameter and with a pleomorphic shape, varying from spherical, flask-shaped 
or branched or helical filaments (Krieg et al., 2011). The mollicutes membranes are rich in 
cholesterol and lipoproteins and the lack of a peptidoglycan layer confers them resistance 
to penicillins (Taylor-Robinson and Bebear, 1997). On solid media, colonies of mollicutes 
are also small and most of them have a fried-egg appearance (Meloni et al., 1980).

These small genome-containing cells possess limited metabolic pathways. They lack 
tricarboxylic acid cycle enzymes, quinones and cytochromes (Pollack et al., 1997); the 
synthesis of precursors of amino acids, purines and pyrimidines is limited as well and two-
component and other common bacterial transcriptional regulators are missing (Manolukas 
et al., 1988, Himmelreich et al., 1996, Fraser et al., 1995). The members of this class have 
adopted a parasitic lifestyle to obtain essential nutrients from the host (Razin et al., 1998a). 
Namely, mycoplasmas and ureaplasmas are commensals or pathogens of vertebrate 
animals, while spiroplasmas or phytoplasmas are found in invertebrate animals and in plants 
(Krieg et al., 2011, Trachtenberg, 2005). The limited biosynthetic potential of mollicutes 
impairs their growth on cell-free media, and they often require complex media containing 
sterols and fatty acids. However, some species can grow on serum-free defined media (Yus 
et al., 2009). Many mollicutes are facultative aerobes, but some are strictly anaerobic. Main 
energy generation mechanisms among mollicutes include the fermentation of sugars to 
lactate, the oxidation of lactate or pyruvate to acetate and the metabolism of L-arginine to 
ornithine (Keceli and Miles, 2002, Miles, 1992). Individual species may possess one, two or 
the three routes of energy generation.

Human mycoplasma niches are usually the urogenital and respiratory tracts (Hartmann, 
2009, Waites et al., 2012). The first mycoplasma isolated from humans was Mycoplasma 
hominis, the responsible agent of severe genital inflammation in women including pelvic 
inflammatory disease (PID) (Mardh, 1983), post-partum fevers (Taylor-Robinson and 
Lamont, 2011) and extragenital complications in new-borns (Hata et al., 2008, Embree, 
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1988). Later, Mycoplasma pneumoniae was described as the agent of the primary atypical 
pneumonia (PAP) and has been related with multiple respiratory and extrapulmonar 
diseases (Atkinson et al., 2008). Mycoplasma genitalium was isolated in the early 80s from 
two independent men with severe non-gonococcal urethritis (NGU) and has recently been 
related to chronic inflammation diseases (Tully et al., 1981, Manhart, 2013). To date, up to 
16 mollicute species have been found as commensals and pathogens of humans (Waites 
et al., 2012).

	 	
	 	

	 1.1. Mycoplasma genitalium as a sexually transmitted pathogen 

M. genitalium was firstly isolated in the urogenital tract of two men with non-chlamidial NGU 
(Tully et al., 1981). Urethra and genital tract have been considered as the primary niche of 
this mycoplasma (Palmer et al., 1991, Datcu et al., 2013). Prevalence of M. genitalium in 
the global population ranges in different studies from 1 to 4% in men (Manhart and Kay, 
2010, Anagrius et al., 2005, Soni et al., 2010) and from 1 to 6.4% in women (Tosh et al., 
2007, Hamasuna et al., 2008, Ross et al., 2009). This prevalence increases to 26.3-38% 
in populations with high rates of sexually transmitted diseases (Pepin et al., 2005, Casin et 
al., 2002).

Primary site of colonization Metabolism of
Species oropharynx genitourinary glucose arginine Pathogenicity

Mycoplasma buccale + - - + non-pathogenic
Mycoplasma faucium + - - + non-pathogenic

Mycoplasma fermentans + ±a + + detected in joints in inflammatory 
arhritides and in lungs in HIV infection

Mycoplasma genitalium ± + + - NGU
Mycoplasma hominis ± + - + PID

Mycoplasma lipophilum + - - + non-pathogenic
Mycoplasma orale + - - + non-pathogenic

Mycoplsama penetrants - + + + associated with HIV infection
Mycoplasma pirum ? ? + + non-pathogenic

Mycoplasma pneumoniae + ± + - atypical pneumonia and sequelae
Mycoplasma primatum - + - + non-pathogenic
Mycoplasma salivarum + - - + arthritis in hypogammaglobulinaemia

Mycoplasma spermatophilum - + - + non-pathogenic

Ureaplasma urealyticumb + + - - NGU and arthritis in hypogammaglob-
ulinaemia

Acholeplasma laidlawii + - + - non-pathogenic
Acholeplasma oculi ? - + - non-pathogenic

Table I.1. Primary site of colonization, metabolism and pathogenesis of mycoplasmas isolated from humans. Adapted from 
Taylor-Robinson, 1997.

a ± Primary site occasionally.
b Metabolizes urea
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A significantly high prevalence – up to 63% – of this microorganism has been found in 
people with M. genitalium-positive sexual partners (Tosh et al., 2007, Falk et al., 2005, 
Keane et al., 2000, Falk et al., 2004, Manhart and Kay, 2010). Among these people, M. 
genitalium is rarely detected in women reporting no vaginal intercourse (Manhart et al., 
2007, Tosh et al., 2007), but the detection rates increase by nearly 45% for each additional 
sexual partner (Tosh et al., 2007, Soni et al., 2010). At a molecular level, DNA based typing 
systems have shown that almost every sex partners with both members infected with M. 
genitalium shared the same phylotype (Hjorth et al., 2006, Ma et al., 2008, Musatovova and 
Baseman, 2009). All these studies taken together strongly support that M. genitalium is an 
emerging sexually transmitted pathogen (Manhart et al., 2007).

Regarding its sexual transmission, M. genitalium has been detected in the rectum of 
homosexual males (Bradshaw et al., 2009, Taylor-Robinson et al., 2003, Soni et al., 2010). 
However, rectal infections of this pathogen are asymptomatic, representing an important 
reservoir for continued spreading (Francis et al., 2008, Taylor-Robinson et al., 2003). 
Although it was initially found in some throat samples (Baseman et al., 1988), recent studies 
have repeatedly failed to detect M. genitalium in pharynges from people practicing oral 
sex (Bradshaw et al., 2009, Deguchi et al., 2009). It is noteworthy that this pathogen can 
also colonize tissues that are not related to the urogenital tract as it has been detected in 
synovial fluid (Taylor-Robinson et al., 1994, McGowin et al., 2010, Tully et al., 1995a). In 
a few cases, it has been found in cerebrospinal fluid (Sakata et al., 1993) or respiratory 
tract (de Barbeyrac et al., 1993), suggesting the haematogenous dissemination of this 
microorganism (Tully et al., 1986, McGowin et al., 2010).

	 1.2. Involvement in diseases

Although most M. genitalium infections are asymptomatic (Henning et al., 2014), this 
microorganism has been related to several reproductive tract and systemic diseases. NGU 
encloses all cases of urethritis in which Neisseria gonorrhoeae cannot be detected. In these 
cases, Chlamydia trachomatis is the most common aetiological agent of the disease. It 
is now known that M. genitalium is responsible of 20-35% of Chlamydia-negative NGU 
(Deguchi and Maeda, 2002, Totten et al., 2001, Horner et al., 1993), a disease that has also 
been related to other bacteria such as Ureaplasma urealyticum (Bowie et al., 1977) and 
Thrichomonas vaginalis (Pillay et al., 1994). Urethral infections are usually asymptomatic 
(Yu et al., 2008). However, it has been demonstrated that symptoms of NGU appear more 
often when the agent is M. genitalium (Falk et al., 2004), and there is also higher risk of 
balanoposthitis (Horner and Taylor-Robinson, 2011). Finally, M. genitalium was also detected 
by PCR in prostatic biopsies and semen of a small number of patients with abacterial 
inflammatory prostatitis, but further evidence is needed to confirm this association (Krieger 
et al., 1996, Mandar et al., 2005).
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M. genitalium has also been involved in lower genital tract inflammatory syndromes in 
women (McGowin and Anderson-Smits, 2011) as, for example, urethritis (Moi et al., 2009), 
cervicitis (Uno et al., 1997, Manhart et al., 2003, Falk et al., 2005, Dehon and McGowin, 
2014) and vaginal discharge (Tosh et al., 2007). There is also evidence of involvement 
of this microorganism in PID (Simms et al., 2003, Haggerty and Taylor, 2011, Haggerty, 
2008), endometritis (Cohen et al., 2002), salpingitis (Cohen et al., 2005) and pregnancy 
complications, as preterm birth (Edwards et al., 2006, Hitti et al., 2010) and tubal infertility 
(Clausen et al., 2001, Svenstrup et al., 2008, Baczynska et al., 2007), showing the 
capacity of this microorganism to infect upper reproductive tracts. Upper reproductive tract 
inflammation after experimental infections of M. genitalium has been also confirmed in 
murine (McGowin et al., 2010) and primate animal models (Taylor-Robinson et al., 1987, 
Moller et al., 1985).

This pathogen has also been related to Sexually Acquired Reactive Arthritis (SARA), as it 
commonly occurs meanwhile or following an NGU episode (Hannu, 2011), and M. genitalium 
has been recovered from synovial fluid (Taylor-Robinson et al., 1994). Some clinical cases 
supported the relation of M. genitalium in joints with SARA and Reiter’s disease (Taylor-
Robinson et al., 1994, Henry et al., 2000).

It has been reported that sexually transmitted infections enhance the transmission of human 
immunodeficiency virus (HIV) (Fleming and Wasserheit, 1999, Cohen, 1998), probably 
because these pathogens compromise the mucosal epithelial barriers (Das et al., 2014). M. 
genitalium has been identified as one of this AIDS-promoting pathogens (Taylor-Robinson 
and Jensen, 2011, Manhart et al., 2008, Napierala Mavedzenge and Weiss, 2009, Perez et 
al., 1998) existing a strong temporal relationship between M. genitalium infection and HIV 
acquisition in women (Mavedzenge et al., 2012, Vandepitte et al., 2014). Furthermore, this 
pathogen was found more often in HIV-positive men developing AIDS than in HIV-positive 
men without AIDS (Taylor-Robinson, 2002) and increases the shedding of HIV particles from 
women cervices (Manhart et al., 2008). In vitro work supported that M. genitalium infection 
assists HIV movement through epithelium and promotes HIV replication in peripheral blood 
mononuclear cells (Das et al., 2014). All these data suggest that M. genitalium helps in the 
transmission of HIV and facilitates the development of AIDS.

In the last decades, pathogens causing chronic inflammatory diseases have been 
considered as initiators or promoters of cancer processes. For example, Helicobacter pylori 
has been linked to gastric cancer (Moss and Blaser, 2005), human papillomavirus (HPV) 
and C. trachomatis to cervical cancer (Anttila et al., 2001) and hepatitis B (HBV) and C 
virus (HCV) to liver cancer (Moss and Blaser, 2005). Some mycoplasmas have been also 
related to malignant transformation of mammalian cells (Feng et al., 1999, Tsai et al., 1995) 
or have been extensively detected in human carcinoma samples (Huang et al., 2001). PCR 
amplification of mycoplasmal DNA in malignant ovarian cancer samples (Chan et al., 1996) 
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prompted researchers to consider the possible implication of urogenital mycoplasmas as 
cancer promoters. In vitro studies demonstrated the potential of M. genitalium to transform 
human benign prostatic cells (BPH-1) making infected cells capable to develop tumours when 
introduced in a nude mice (Namiki et al., 2009). Lately, it was found a modest association 
between the presence of M. genitalium IgG antibodies on ovarian cancer samples in the 
borderline cases, but the significance of this results is unclear (Idahl et al., 2011).

	 1.3. Infection and persistence

For many mycoplasmas, the first step for infection and colonization is the adhesion to host 
cells (Rottem, 2003, Razin and Jacobs, 1992, Krause et al., 1982). It has been demonstrated 
in vitro the adhesion of M. genitalium to the surface of several cell types including Vero 
monkey kidney cells (Tully et al., 1983b, Jensen et al., 1994), Hep-2 (Svenstrup et al., 
2002), human spermatozoa (Svenstrup et al., 2003), erythrocytes (Burgos et al., 2006) 
and lung fibroblasts (Mernaugh et al., 1993), and also to the cilia of human fallopian tube 
epithelial cells (Collier et al., 1990) and vaginal and cervical epithelial cells (McGowin et al., 
2009). 

Mycoplasma adhesion is mediated by adhesin proteins (Krause and Baseman, 1982). It 
has been reported that the protein P140, with the assistance of P110, is the main adhesin of 
M. genitalium (Burgos et al., 2006, Svenstrup et al., 2002, Mernaugh et al., 1993). P140 is 
homologous to M. pneumoniae P1 adhesin (Dallo et al., 1989a, Dallo et al., 1989b, Inamine 
et al., 1989) and also shows a serological cross-reaction with this adhesin (Morrison-
Plummer et al., 1987, Hu et al., 1987). P1 adhesin location is polarized in M. pneumoniae 
cells, clustering at the tip structure (Baseman et al., 1982b, Feldner et al., 1982, Seto et 
al., 2001). Similarly, P140 is located at the tip structure of M. genitalium (Hu et al., 1987), 
being this structure essential for cytadhesion (Jensen et al., 1994). This tip structure is also 
present in many mycoplasmas (Hatchel and Balish, 2008), and is also involved in many 
other biological functions.

Evidence indicates that the binding target of many mycoplasmas is sialylated oligosaccharides 
in the surface of host cells (Nagai and Miyata, 2006, Baseman et al., 1982a, Kasai et al., 
2013, Roberts et al., 1989). The recognition of particular compounds has been reported 
as species specific and also has an important role in cell tropism of different mycoplasmas 
(Kasai et al., 2013). In addition, it has been shown that mycoplasma cells need sialylated 
oligosaccharides from serum to bind plastic and glass surfaces (Nagai and Miyata, 2006). 
However, the specific binding target of M. genitalium is still unknown.

After adhesion to the host, a subset of M. genitalium cells can enter to the cytoplasm 
and have been found in many intracellular and perinuclear spaces of different cell types 
(Baseman et al., 1995, Dallo and Baseman, 2000, Mernaugh et al., 1993, McGowin et al., 
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2009) including the nucleus (Ueno et al., 2008). However, only a small fraction of cultured 
cells – about 10% – can be infected in vitro (Jensen et al., 1994). Intracellular M. genitalium 
cells have been also found in vivo in clinical samples of vaginal swaps (Blaylock et al., 2004). 
It has been reported that the tip structure is involved in the process of internalization into 
the cultured cells (Jensen et al., 1994, McGowin et al., 2009). M. genitalium internalization 
is characterized by membrane depressions resembling clathrin-coated pits, in which the tip 
is always in close contact with the cell membrane, suggesting a site-directed recognition 
between membrane factors of the eukaryotic cell and tip components of the mycoplasma 
(Mernaugh et al., 1993).

Potential for intracellular survival grants mycoplasma cells a privileged niche against 
immunological responses, for example complement-mediated lysis, phagocitation and 
antibodies recognition (McGowin et al., 2009, Dallo and Baseman, 2000), and also against 
antibiotic treatments (Wikstrom and Jensen, 2006). This feature also explains the persistence 
and chronic nature of M. genitalium infections (Cohen et al., 2007), the recurrence of the 
NGU symptoms even after antibiotic treatment and their latent asymptomatic subsistence 
(Dallo and Baseman, 2000).

	 1.4. Immune evasion

Immune response against mycoplamas infection usually requires the recognition of surface 
exposed proteins by specific antibodies (Bredt et al., 1981, Taylor-Robinson et al., 1966). 
Many mycoplasmas have developed systems of antigenic variation to evade the immune 
response. These systems usually involve genetic mechanisms for variant generation in 
genes coding for surface exposed lipoproteins, including length variations by recombination 

Fig. I.1. (A) M. genitalium cells (M) attached to the surface of Vero monkey kidney cells (V). The va 
denotes vacuole. (B) A M. genitalium cell starting the internalization into the Vero cell. Black arrows 
in (A) and (B) point to the tip structure promoting the adhesion and internalization of this pathogen. 
Adapted from Jensen et al., 1994.
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of repeated elements (Citti and Wise, 1995, Zhang and Wise, 1996), or phase variations 
and genome rearrangements (Bhugra et al., 1995, Shen et al., 2000, Citti et al., 2010). 
The most inmunogenic proteins in M. genitalium and M. pneumoniae are adhesins P140 
and P1, respectively (Svenstrup et al., 2006, Jacobs et al., 1991). The genomes of both 
mycoplasmas contain non-coding regions with sequences homologue to the genes coding 
for adhesins (Ruland et al., 1990, Wenzel and Herrmann, 1988, Himmelreich et al., 1996, 
Fraser et al., 1995). By homologous recombination with the adhesin genes, these regions 
increase the antigenic diversity and contribute to the inmune evasion  (Rocha and Blanchard, 
2002, Su et al., 1993, Peterson et al., 1995).

M. genitalium main adhesins P140 and P110 are coded in genes MG_191 and MG_192, 
which are located at the MgPa operon together with MG_190 gene, coding for a protein with 
unknown function (Musatovova et al., 2003). There are 9 regions in M. genitalium genome, 
named MgPa islands or MgPa repeats, that contain sequences homologous to MG_191 
and MG_192 genes. MgPa islands are located in non-coding regions and represent the 
4.7% of the M. genitalium genome. The individual repetitive sequences are known as R1-
R6 and each MgPar contains a different combination of R1-R6 sequences. Recombination 
events between MgPar sequences and MgPa operon have been detected in vitro and in 
vivo and have been related to the antigenic variation of the main adhesins (Iverson-Cabral 
et al., 2006, Ma et al., 2007). Many of these recombination events are reciprocal, which is 
not common among the antigenic variation systems in bacterial pathogens (Iverson-Cabral 
et al., 2007). MgPa islands may recombine between them and with the MgPa operon, 
providing a system that allows the generation of multiple antigenic variants of P140 and 
P110 adhesins. Interestingly, MgPar V is located downstream the MgPa operon. Single 
recombination events between these sequences also allow the deletion of large DNA 
sequences inside the MgPa operon and are the origin of the mechanism to generate natural 
cytadherence negative mutant strains of M. genitalium (Mernaugh et al., 1993, Burgos et al., 
2006). Recently, it has been discovered a novel mechanism in M. genitalium to evade the 
host inmune system. This mechanism consists in a membrane-associated protein, MG281, 
that is able to bind with high affinity the variable regions of κ and λ light chains and broadly 
block the antigen binding (Grover et al., 2014).

	 1.5. Inflammation and toxins

Although most of mycoplasma infections are asymptomatic, some of them produce cytopatic 
effects and diseases. However, only a small amount of toxins and virulence factors of 
mycoplasmas are currently reported in the literature. The innate inmune response to this 
microorganism has an important role in its pathogenesis. In this way, it has been described 
that MG309 protein M. genitalium induce an strong inflammatory response. This protein is 
able to activate NF-κβ via Toll-like receptors 2 and 6, resulting in a cytokine secretion from 
epithelial cells (McGowin et al., 2009). An ADP-ribosiltransferase from M. pneumoniae has 
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a vacuolating cytotoxin activity and produces a pulmonary inflammation responsible of the 
“Community-Acquired Respiratory Distress Syndrome” (CARDS) (Kannan and Baseman, 
2006, Hardy et al., 2009, Medina et al., 2012). CARDS toxin ADP-ribosilates NLRP3 protein, 
producing a hyperactivation of the inflammasome and the subsequent release of IL-1β 
(Bose et al., 2014). It has been demonstrated that hyperactivation of the inflammasome 
after a pathogen insult can be more damaging than the insult itself (dos Santos et al., 2012).

Mycoplasmas lack key enzymes for peroxide detoxification like catalases and superoxide 
dismutases. In consequence, high amounts of peroxides are released from mycoplasma 
cells, generating an oxidative stress in host cells. This oxidative stress has been related 
to the hemolytic activity detected in some mycoplasmas (Kannan and Baseman, 2000). 
M. genitalium MG408 protein (MsrA) reduces methionine residues and, by this way is also 
involved in the sensitivity to hydrogen peroxide, resistance to the oxydative stress caused 
by the inflammatory response and virulence (Dhandayuthapani et al., 2001, Das et al., 
2012). 

Hence, the combination of the hyperactivation of innate inmune response, the mechanisms 
of evasion to the adaptive inmunity, the intracellular persistence and the survival to the 
oxydative stress make mycoplasmas a significant and still poorly known human and animal 
pathogen.

	 1.6. Antibiotic treatment

Treatment of M. genitalium with tetracyclines, such as doxycycline, usually failed to erradicate 
this microorganism (Falk et al., 2003, Wikstrom and Jensen, 2006, Jensen, 2004), probably 
due to the bacteriostatic activity and the intracellular surveillance of this pathogen. It is 
stablished that azytromycin is a better treatment for M. genitalium infections (Jensen, 2004, 
Anagrius et al., 2013), as well as moxifloxacin (Terada et al., 2012). However, resistant 
strains to macrolides and fluoroquinolones have been detected worldwide in the last years 
(Couldwell et al., 2013, Tagg et al., 2013, Kikuchi et al., 2014, Chrisment et al., 2012, Gesink 
et al., 2012).
 

2. Mycoplasmas as a model organism for molecular biologists
	 2.1. Limited genetic tools

The study of the molecular biology of mycoplasmas has been hindered by the availability of 
limited tools for genetic manipulation of these microorganisms. The presence of nucleases at 
the cell membrane of mycoplasmas (Minion et al., 1993) and their active restriction systems 
(Dybvig et al., 1998) stall the transformation of exogenous DNA. First of all, natural plasmids 
have only been found in Mycoplasma mycoides subsp. mycoides (Bergemann et al., 1989, 
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King and Dybvig, 1992), and its usefulness is limited to M. mycoides and Mycoplasma 
capricolum. Artificial plasmids have been engineered using bacterial chromosomal 
replication origin (OriC) of some species like M. capricolum subs. capricolum (Janis et al., 
2005), Mycoplasma agalactiae (Chopra-Dewasthaly et al., 2005a), Mycoplasma pulmonis 
(Cordova et al., 2002), Mycoplasma bovis and Mycoplasma agalactiae (Sharma et al., 
2015). 

Hence, the most widely used technique for genetic manipulation of mycoplasmas is the 
random insertion mutagenesis (Chopra-Dewasthaly et al., 2005b, Hedreyda et al., 1993, 
Cao et al., 1994, Reddy et al., 1996). Engineered mini-transposons derived from Tn4001 
from Staphylococcus aureus (Lyon et al., 1984, Pich et al., 2006b) have allowed the insertion 
of desired DNA sequences and the inactivation of genes by random disruption (Hasselbring 
et al., 2005, Hasselbring et al., 2006a, Hasselbring et al., 2006b, Pour-El et al., 2002, Glass 
et al., 2006, Lluch-Senar et al., 2007, Pich et al., 2006a). 

Site directed mutagenesis by homologous recombination techniques is restricted to a 
few mycoplasma species and gene replacement by double crossover events has only 
been reported in M. genitalium (Dhandayuthapani et al., 1999) and some strains of M. 
pneumoniae (Krishnakumar et al., 2010). Gene replacement is a powerful technique for 
gene knockout (Burgos et al., 2008, Burgos et al., 2006, Torres-Puig et al., 2015, Pich et al., 
2008, Lluch-Senar et al., 2010), and to generate strains bearing mutant alleles (Calisto et 
al., 2012, Broto, Unpublished).

Since no methods are currently available to generate unmarked mutations in mycoplasmas, 
antibiotic resistance genes as selectable markers are essential for mycoplama genome 
manipulations. Up to date, a limited number of selectable markers are available: aac(6’)-
aph(2’’) (Mahairas and Minion, 1989), tetM (Dybvig and Cassell, 1987), cat (Hahn et 
al., 1999) and pac (Algire et al., 2009) genes, conferring resistance to aminoglycosides, 
tetracycline, chloramphenicol and puromycin, respectively. In M. genitalium, the 22 bp 
promoter sequence from MG_438 gene has been proved to be a useful promoter for 
expression of antibiotic resistance genes (Pich et al., 2006b, Calisto et al., 2012).

	 2.2. The minimal genome: a candy for synthetic biologists

The question of which is the minimal subset of genes and functions needed to sustain life in 
a favourable environment has recently attracted the attention of many researchers (Glass 
et al., 2006, Xavier et al., 2014). It is assumed that obtaining knowledge about how small, 
simple cells work will be less complex and easier to understand than complex cells (Glass 
et al., 2009). Furthermore, it is proposed that a cell with only the essential genes required 
for metabolism and replication could be modified by adding some extra genes to obtain an 
organism of desired properties.
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M. genitalium possesses one of the smallest genome known for an axenic-cultured 
bacterium. With only 580 kb and 480 protein-coding genes, represents a natural approach 
to the minimum cell. For this reason, M. genitalium and its close relative M. pneumoniae 
have become the main subjects of study of synthetic biology. M. genitalium genome was 
the second genome of an organism to be sequenced (Fraser et al., 1995) and just a few 
years later researchers carried on a global transposon random insertion mutagenesis to 
recognize essential genes (Hutchison et al., 1999, Glass et al., 2006). Global transposon 
analysis showed that about 265-350 M. genitalium ORFs are essential for growth in axenic 
medium. Further experiments of knock-out and gene disruption have shown that some 
of these genes could also be disrupted or knocked out (Lluch-Senar et al., 2007). It is 
noteworthy that, to day, the function of about 100 of these genes is unknown (Glass et 
al., 2009). These experimental approaches, however, individually disrupt one gene at 
the same time and no information about which genes are simultaneously dispensable is 
reported. For this reason, the question of which is the minimal gene set to sustain life has 
evolved to the search of essential genetic functions (Gibson et al., 2008a). New techniques 
have allowed the chemical synthesis of a complete M. genitalium genome (Gibson et al., 
2008a, Gibson et al., 2008b). The transplantation of this genome and reduced variants to 
empty cells is supposed to help in the search of essential functions (Gibson et al., 2008a). 
However, the transplantation of the whole genome of M. genitalium has not been reported 
to date. Surprisingly, the transplantation of whole genomes of other mycoplasmas has been 
described by the same research group (Lartigue et al., 2009, Gibson et al., 2010, Lartigue 
et al., 2007).

The simplicity of the mycoplasma cells has also encouraged researchers to implement 
large scale experiments in order to completely understand the functioning of these cells. 
Although most of these works have been performed using M. pneumoniae, nowadays there 
is an accurate knowledge about the proteome (Kuhner et al., 2009, Parraga-Nino et al., 
2012, Maier et al., 2011), transcriptome (Guell et al., 2009, Vivancos et al., 2010, Yus et 
al., 2012, Maier et al., 2011) and metabolome (Yus et al., 2009, Wodke et al., 2013, Maier 
et al., 2013) of many of these microorganisms. Protein and DNA modifications have been 
extensively described as well (Lluch-Senar et al., 2013, van Noort et al., 2012, Schmidl et 
al., 2010). Even an in silico model of M. genitalium has been proposed integrating all the 
genomic information, which is able to predict the temporal evolution and mean growth rate 
after the in silico disruption of single genes (Karr et al., 2012). 

3. A unique morphology and cell structure

Mycoplasmas are currently considered as simple organism, with very limited cell functions. 
This paradigm is supported by the presence of small streamlined genomes inside their cells. 
However, some mycoplasmas possess polar structures with a complexity unparalleled in 
the bacterial world. These polar structures, commonly referred as tip structures, are 
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protrusions from the cell body supported by a complex cytoskeleton. The existence of a 
bacterial cytoskeleton in M. pneumoniae (Neimark, 1977, Gobel et al., 1981) was proposed 
earlier than in other model organisms such as Escherichia coli, Bacillus subtilis, or 
Caulobacter crescentus. Although mycoplasmas were initially suggested to have an actin-
like cytoskeleton, later findings discarded any relation with eukaryotic structures (Balish 
and Krause, 2006). The singularity of the mycoplasmal cytoskeleton, present only in a few 
number of organisms, suggest a recent evolution of the whole structure, and therefore, 
constitute one of a very few examples in phylogeny of the evolution of a completely new 
cytoskeleton (Balish and Krause, 2006). However, subcellular structures of mycoplasmas 
remain less understood than those of any other bacteria, probably due to their lack of 
relation with eukaryotic cytoskeletons, the difference between mycoplasma species and the 
intrinsic difficulties in working with mycoplasmas (Balish, 2006).

The specific tip structure of the organisms from the pneumoniae cluster is often referred 
as terminal organelle (TO) or attachment organelle. This structure confers a flask-shape 
appearance to the cells. Some singularities can be found in each of the 8 species of 
the pneumoniae cluster, including the size of the protrusion or its curvature with the cell 
body axis (Hatchel and Balish, 2008). Internally, the terminal organelle is supported by an 
electron-dense core (Biberfeld and Biberfeld, 1970) which appears to be connected with 
the cytoskeletal filaments of the cell body (Meng and Pfister, 1980). Terminal organelle has 
also a pivotal role in many important functions in the lifecycle of mycoplasmas such as the 
adhesion to host cells, motility and cell division (Mernaugh et al., 1993, Burgos et al., 2006, 
Henderson and Jensen, 2006, Bredt, 1968, Lluch-Senar et al., 2010) and constitutes an 
essential structure for virulence (Jordan et al., 2007, Krunkosky et al., 2007). Homologues 
to the proteins involved in terminal organelle structure and functioning are restricted to the 
pneumoniae cluster, suggesting a common mechanism of working and exclusive to this 
small set of organisms (Hatchel and Balish, 2008).

	

Fig. I.2. Scanning Electron Microscopy micrographs 
of (A) Mycoplasma pneumoniae and (B) Mycoplasma 
genitalium. Black arrow heads point the respective tip 
structures. Tip from M. genitalium shows a curvature 
with the cell body axis. M. pneumoniae shows a trail at 
the opposite pole of the tip. Bar is 250 nm. Adapted from 
Hatchel and Balish, 2008.
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	 3.1. Structure of terminal organelle

Ultrastructure of M. pneumoniae terminal organelle has been studied by electron microscopy 
since the early 70s. First, a rod-like electron-dense structure of around 100 nm by 300 nm 
surrounded by an electron-lucent layer of cytoplasm was observed by TEM (Biberfeld and 
Biberfeld, 1970, Wilson and Collier, 1976, Collier and Clyde, 1971). A periodic substructure 
was also detected to compose the central core of the rod structure. A thin layer of proteins 
surrounding the terminal organelle was related to the adhesion properties of this organism 
(Wilson and Collier, 1976). Later, the removal of membrane and cytoplasm using the 
detergent Triton X-100 allowed to obtain improved images of the rod and other structures 
including the terminal “knob” or button, as well as the filamentous extensions of cytoskeleton 
(Gobel et al., 1981, Meng and Pfister, 1980). Ultra-thin sectioning followed by negative 
staining of M. pneumoniae cells allowed the detection of a wheel-like complex at the base 
of the rod (Regula et al., 2001, Hegermann et al., 2002). Finally, high resolution images of 
M. pneumoniae were taken by electron cryotomography (ECT) and 3D reconstructions of 
the electron-dense core (Fig. I.3A) are now available (Seybert et al., 2006, Henderson and 
Jensen, 2006).

	 	

	 3.2. Proteins involved in the terminal organelle structure

Up to eleven different protein structures in M. pneumoniae terminal organelle were 
distinguished by ECT (Fig. I.3A). But, specific proteins cannot be already assigned to these 
structures. However, several mutant strains of M. pneumoniae and M. genitalium showing 
deficiencies in terminal organelle structure and functioning have been isolated, thus providing 
a list of proteins involved in this structure (Pich et al., 2008, Burgos et al., 2008, Jordan et 
al., 2007, Hasselbring et al., 2006b, Pich et al., 2006a, Burgos et al., 2007). Furthermore, 
these proteins have been localized with fluorescent fusions or immunofluorescence and 
assigned to the nap, wheel-like complex, rod or terminal button substructures in one or both 
species (Seto et al., 2001, Seto and Miyata, 2003, Kenri et al., 2004, Balish et al., 2003, 
Burgos et al., 2008, Calisto et al., 2012). 

Fig. I.3. Ultrastructure of the terminal organelle of M. pneumoniae by electron cryotomography. (A) 
Tomogram showing the electron-dense core of this microorganism. (B) Schematic of the terminal 
organelle showing 11 protein structures labelled A-K. Adapted from Henderson and Jensen, 2006.
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The nap

Surrounding the surface of the terminal organelle of M. genitalium and M. pneumoniae, 
adhesins are clustered in a nap-like layer (Baseman et al., 1982b, Mernaugh et al., 1993, 
Seybert et al., 2006, Henderson and Jensen, 2006). P1 and P40/P90 in M. pneumoniae 
and its orthologues P140 and P110 in M. genitalium compose their respective naps (Hu 
et al., 1987, Baseman et al., 1982b). The correct assembly and localization of the nap 
needed from the participation of many of the cytoskeletal proteins (Pich et al., 2008, Burgos 
et al., 2007, Willby and Krause, 2002, Willby et al., 2004, Hahn et al., 1998, Cloward and 
Krause, 2009). Besides being essential for cytadhesion (Mernaugh et al., 1993, Baseman, 
1993, Krause and Baseman, 1983, Krause, 1996), these adhesins have been related to cell 
invasion and infection (Tully et al., 1983a). Furthermore, they are necessary for the terminal 
organelle formation and regulate the initiation of new terminal organelles in M. genitalium 
(Burgos et al., 2006, Pich et al., 2009). Whether the nap has an active role in motility or 
merely participates attaching the cells to the surface is still controversial (Henderson and 
Jensen, 2006, Seybert et al., 2006, Seto et al., 2005a, Miyata, 2008). 

The terminal button or “knob”

This substructure is located at the distal end of the electron-dense core. M. pneumoniae 
P30 protein is a transmembrane protein that localizes at the distal end of the terminal 
organelle (Seto and Miyata, 2003) and is involved in adherence, motility and terminal 
organelle development (Relich and Balish, 2011, Dallo et al., 1996, Hasselbring et al., 
2005, Romero-Arroyo et al., 1999). Although its M. genitalium orthologue P32 (Reddy et 
al., 1995) has not been studied previously, it localizes also at the terminal button when 
the coding gene is introduced in a M. pneumoniae P30 null mutant by transposition and 
restores the WT phenotype. Hence, a very similar function of these proteins is expected in 
both mycoplasmas (Relich and Balish, 2011).   

M. genitalium MG217 and its M. pneumoniae orthologue protein P65 also localize at the 
distal end of the terminal organelle (Burgos et al., 2008, Kenri et al., 2004, Seto and Miyata, 
2003).  The stability and proper localization of P65 require a full complement of P30 and 
HMW3 (Willby and Krause, 2002, Jordan et al., 2001). Although P65 has been located at 
the outer side of cell membrane (Jordan et al., 2001), MG217 is found completely inside 
M. genitalium cells (Burgos et al., 2008). P65 mutants of M. pneumoniae show a dramatic 
decrease in cell motility (Hasselbring et al., 2012). In contrast, MG217 has been related to 
the curvature of the terminal organelle and the direction of movement (Burgos et al., 2008).

It is reported that MG317 and HMW3 orthologue proteins, respectively in M. genitalium 
and M. pneumoniae, also localize at the terminal button (Stevens and Krause, 1992, Seto 
et al., 2001). These proteins anchor the terminal button to the electron-dense core (Pich et 
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al., 2008) and stabilize both the terminal button and the rod (Pich et al., 2008, Stevens and 
Krause, 1992, Willby and Krause, 2002).

The rod or core

M. genitalium MG218 protein and M. pneumoniae HMW2 are the main components of 
their respective rods (Pich et al., 2008, Balish et al., 2003, Kenri et al., 2004, Bose et al., 
2009). The rod is located at the central part of the electron-dense core and consists in 
two segmented paired plates (Fig.I.3). These proteins are crucial in the development of 
the respective terminal organelles and a properly assembled core prevents the proteolytic 
degradation of many cytoskeletal proteins (Pich et al., 2008, Fisseha et al., 1999, Popham 
et al., 1997, Krause and Balish, 2004). For this reason, they also have been related to 
cytadherence and motility (Pich et al., 2008, Krause et al., 1997, Dhandayuthapani et al., 
1999, Dhandayuthapani et al., 2002).

A small version of MG218 and HMW2 of approximately 25 kDa corresponding in sequence 
to the C-terminal of these proteins has been reported in both species (Krause et al., 1997, 
Fisseha et al., 1999, Pich et al., 2008). These small proteins are translated from a transcript 
directed by two internal promoters located inside the MG_218 and MPN310 genes, 
respectively (Boonmee et al., 2009, Broto, Unpublished). It has been suggested that these 
proteins are involved in the structure of the protein network of the rod (Balish et al., 2003).

HMW1 protein is also a main component of the rod in M. pneumoniae (Seto and Miyata, 
2003). HMW1 is a membrane-associated protein (Balish et al., 2001) essential for rod 
assembly by stabilizing HMW2 protein (Willby et al., 2004, Krause and Balish, 2001). 
Hence, HMW1 is essential for terminal organelle development and normal cell morphology 
(Layh-Schmitt et al., 1995, Willby et al., 2004) and is a key component for cytadherence 
as it is involved in adhesin trafficking to the cell membrane (Hahn et al., 1998). The HMW1 
ortholog in M. genitalium MG312 is also involved in rod assembly and cytadhesion but it 
has also been reported that its N-terminal is involved in locomotion (Burgos et al., 2007). In 
this way, both MG312 and HMW1 possess an Enriched in Aromatic and Glycine Residues 
(EAGR) box close to the N-terminus, a domain that has been found in proteins related with 
cell motility (Balish et al., 2001, Burgos et al., 2007, Calisto et al., 2012, Pich et al., 2006a). 
M. genitalium MG312 has not been found associated to the cell membrane (Parraga-Nino 
et al., 2012).

The wheel-like complex

Wheel-like complex is a structure located at the proximal end of the terminal organelle. 
M. pneumoniae P200 protein was localized in this area of the terminal organelle and was 
related to motility and cell invasion (Jordan et al., 2007). Similarly, its M. genitalium ortholog 
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MG386 is involved in cell motility (Pich et al., 2006a) and, interestingly, both proteins include 
several EAGR boxes.

Proteins MG200 and TopJ are orthologue proteins in M. genitalium and M. pneumoniae, 
respectively, located at the wheel-like complex (Cloward and Krause, 2009, Calisto et al., 
2012), which also contain EAGR boxes (Cloward and Krause, 2010, Pich et al., 2006a). 
These multidomain proteins are involved in cytadherence and motility (Cloward and Krause, 
2009, Pich et al., 2006a, Calisto et al., 2012, Broto, Unpublished) and contain a J domain 
at the N-terminus suggesting that they have a role as co-chaperones (Cloward and Krause, 
2010). It has been proposed that TopJ protein is related to adhesin folding and trafficking, 
which could explain the involvement of these proteins in cytadherence and motility (Cloward 
and Krause, 2011).

Protein P41 of M. pneumoniae has been localized also at the wheel-like complex (Kenri et 
al., 2004). A mutant strain of M. pneumoniae lacking this protein showed motile terminal 
organelles that detach from the cell body and move for short periods of time, indicating 
that P41 is essential for anchoring the terminal organelle to the cell body (Hasselbring 
and Krause, 2007a). Also, P41 is one of the earliest proteins that localizes in developing 
terminal organelles (Hasselbring et al., 2006a). Up to date, the role of P41 M. genitalium 
ortholog, MG491 protein, remains unknown.

Finally, protein P24 of M. pneumoniae also participates in the wheel-like complex (Kenri 
et al., 2004). This protein participates in gliding motility by regulating the activation of the 
motor after cell division (Hasselbring and Krause, 2007b). No orthologs have been found 
in M. genitalium. However, MG_219 gene is located at the same locus in the cytadherence 
regulatory operon crl (Hedreyda and Krause, 1995, Reddy et al., 1996, Kenri et al., 2004) 
and codes for the MG219 protein, which shows a similar function in the regulation of motility 
than P24 (González-González, Unpublished).

Fig.  I.4. Outline with the ultrastructure of the terminal organelle in M. genitalium.
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	 3.3. Motility of mycoplasmas

As discussed above, the terminal organelle of M. genitalium and related mycoplasmas 
is involved in cytadherence and host cell invasion, which are central functions regarding 
their parasitic lifestyle. Furthermore, the terminal organelle is essential for the locomotion 
of many mycoplasma species (Hasselbring and Krause, 2007a, Miyata, 2010). Besides 
an obvious role in the spreading of mycoplasma cells, cell motility has also an important 
role in the infection of host cells (Jordan et al., 2007, Prince et al., 2014) and cell division 
(Hasselbring et al., 2006a, Seto et al., 2001, Lluch-Senar et al., 2010). 

Motile mycoplasmas slide over solid surfaces without using flagella, pili or other motile 
machineries common in the bacterial world (McBride, 2001, Jarrell and McBride, 2008). 
This movement is highly dependent on adhesion to a solid surface. This sliding movement is 
known as gliding motility and is not restricted to the mycoplasma genus, i.e. Flavobacterium 
johnsoniae, Myxococcus xhantus or Synechocystis sp. also glide on solid surfaces 
(McBride, 2001). However, the mechanisms by which mycoplasmas glide are different from 
any of these species. Even, different engines for gliding motility have been proposed in the 
different species of mycoplasma (Miyata, 2008).

     M. genitalium         M. pneumoniae Sequence

Locus Taga Locus Tagb Protein Locus Tagc Protein  identity (%) Role

MG_191 MG_RS01075 P140 MPN141 P1 45.4 Adhesion

MG_192 MG_RS01080 P110 MPN142d P40/P90 50.2 Adhesion

MG_200 MG_RS01130 MG200 MPN119 TopJ 34.9 Motility

MG_217 MG_RS01275 MG217 MPN309 P65 41.6 Motility

MG_218 MG_RS01280 MG218 MPN310 HMW2 57.0 Motility/Adhesion

MG_219 MG_RS01285 MG219 MPN312 P24e 15.9 Unknown

MG_312 MG_RS01865 MG312 MPN447 HMW1 32.9 Motility/Adhesion

MG_317 MG_RS01890 MG317 MPN452 HMW3 33.5 Motility/Adhesion

MG_318 MG_RS01895 P32 MPN453 P30 43.2 Adhesion

MG_386 MG_RS02355 MG386 MPN567 P200 29.7 Motility

MG_491 MG_RS01285 MG491 MPN311 P41 53.7 Unknown

Table I.2. Table of orthologue correspondences between terminal organelle proteins of M. genitalium and M. 
pneumoniae and their role.

a Names according to the M. genitalium G37 genome sequence with accession number L43967.2 
b Names according to the M. genitalium G37 genome sequence with accession number NC_000908.2
c Names according to the M. pneumoniae M129 genome sequence with accession number NC_000912.1
d Protein product of MPN142 is post-translationally cleaved in M. pneumoniae
e MG_219 gene cannot be considered an ortholog of MPN312. 
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Gliding motility has been detected in 13 mycoplasma species, including 7 out of the 8 
mycoplasma species of the pneumoniae cluster, with the only non-motile bacterium 
Mycoplasma alvi. Mean speeds of this cluster range from 28 nm s-1 for Mycoplasma 
pirum to 2 970 nm s-1 of Mycoplasma testudinis (Hatchel and Balish, 2008). It has been 
reported that mycoplasma cells glide towards the direction of the terminal organelle (Miyata, 
2010, Burgos et al., 2008) and that this tip structure contains the entire motile machinery  
(Hasselbring and Krause, 2007a).

The motile machinery of Mycoplasma mobile is the best characterized for any mycoplasma 
species. This fish pathogen belongs to the sualvi cluster and proteins involved in motion 
share no homology with those of the pneumoniae cluster (Nakane and Miyata, 2007). 
Furthermore, M. mobile glides faster (4.5 µm s-1) than any other known mycoplasma 
(Miyata, 2010). The tip structure of M. mobile is supported by a jellyfish-like cytoskeleton 
(Nakane and Miyata, 2007) and is also involved in gliding motility (Nakane and Miyata, 
2012, Uenoyama et al., 2004). Four proteins are involved in M. mobile gliding: Gli521, 
Gli349, Gli123 and P42, which are located together at the base of the tip structure, called 
the neck. These proteins arrange as spike-like structures of approximately 50 nm long that 
are responsible of the cell adhesion (Miyata and Petersen, 2004). It has been reported 
that Gli123 is the responsible for the proper localization of the trimeric complex composed 
by Gli123, Gli349 and Gli521 (Uenoyama and Miyata, 2005b). Gli349 is the main adhesin 
of this microorganism and the different conformations shown by this protein suggest that 
Gli349 propel the cells by repeated catching, binding and releasing sialylated compounds 

Fig.  I.5. Schematic of the assembled gliding machinery of M. mobile. (i) ATP is hydrolysed by P42 
to generate movement. (ii) Gli521 changes its conformation. (iii) The conformational change is 
transmitted to Gli349. (iv) Gli349 is attached to the sialylgalactose fixed on the surface and propels 
the cell through its conformational changes. This schematic was obtained from Miyata, 2010.
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found at the gliding surface (Kasai et al., 2013, Adan-Kubo et al., 2006, Nagai and Miyata, 
2006, Lesoil et al., 2010, Uenoyama et al., 2009). For this reason, Gli349 is known as the leg 
protein of M. mobile. Within this model, Gli521 act as a gear protein and is the responsible 
of the Gli349 conformational changes (Seto et al., 2005b, Uenoyama et al., 2009). Finally, 
the P42 nucleoside triphosphatase is a good candidate to be the motor for gliding motility 
(Ohtani and Miyata, 2007, Uenoyama and Miyata, 2005a, Tulum et al., 2014).

An adhesin-driven mechanism has also been suggested to explain motility of mycoplasmas 
from the pneumoniae cluster. In agreement with this “centipede” model, M. pneumoniae 
cells stopped in presence of P1 adhesin antibodies just before they were released from 
the glass surface (Seto et al., 2005a). This evidence is weak as gliding motility is highly 
dependent on adhesion.

Alternative models for motility of M. pneumoniae and related mycoplasmas highlight the 
role of the cytoskeletal proteins in the generation of movement. Firstly, it was proposed 
that the rod component of the terminal organelle drives the motion of the cell by repeated 
longitudinal shortenings and extensions (Wolgemuth et al., 2003). Further studies of M. 
pneumoniae electron-dense cores by ECT revealed different stages of rod bending (Seybert 
et al., 2006), and different conformation of the segments composing the rod (Henderson 
and Jensen, 2006) rather than different rod lenghts. This supports an “inchworm” model 
for mycoplasma gliding motility, by which the rod component propels the cell by repeated 
bending changes (Seybert et al., 2006, Henderson and Jensen, 2006, Miyata, 2008). 
The “inchworm” model is currently accepted among the mycoplasmologist community to 
explain gliding motility for M. pneumoniae and M. genitalium, but the evidence supporting 
this model is weak as it does not demonstrate whether rod bending is in the origin, or 
alternatively, is the consequence of gliding motility. Mycoplasmas from the pneumoniae 
cluster possess rods with different lengths that are not correlated with the velocity of the 
respective mycoplasmas, which argues against this model (Hatchel and Balish, 2008).

Fig.  I.6. Electron cryotomography pictures and 
schematic of the different conformations of the 
segments in the rod. This figure was obtained 
from Henderson and Jensen, 2006.
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In conclusion, the mechanism of gliding motility in both M. pneumoniae and M. genitalium 
is still unclear and controversial. The complex interplay between the proteins involved in 
cytadhesion and motility and the mutual co-stabilization of these proteins preclude the 
easy understanding of the motile mechanism. For example, the stability, trafficking and 
localization of adhesins are highly dependent on proteins of the cytoskeleton (Pich et al., 
2008, Burgos et al., 2007, Willby and Krause, 2002, Hahn et al., 1998, Cloward and Krause, 
2011). Similarly, these adhesins are needed to assemble the terminal organelle by stabilizing 
the cytoskeleton and attaching the cells to the surface (Burgos et al., 2006).

	 3.4. Implication of the terminal organelle in cell division

Cell division in mycoplasmas with terminal organelle is initiated by the duplication of this 
structure (Bredt, 1968). In this way, M. pneumoniae cells with more than one terminal 
organelle show increased DNA content (Seto et al., 2001). Cell division begins when a new 
terminal organelle is developed close to the pre-existing one and gliding motility ceases 
(Hegermann et al., 2002, Hasselbring et al., 2006a, Bredt, 1968). Newly synthesized 
terminal organelle proteins assemble the new electron-dense core in a hierarchical order by 
a still poorly understood mechanism (Hasselbring et al., 2006a, Krause and Balish, 2004). It 
has been reported that P41 protein from M. pneumoniae appears early in terminal organelle 
development, even before the cell stops gliding movement (Hasselbring et al., 2006a) and 
also plays a role in the localization of the nascent terminal organelle (Hasselbring and 
Krause, 2007a). Contrary, M. pneumoniae P30 and P65 appear late during the terminal 
organelle development (Hasselbring et al., 2006a), suggesting that the assembly of new 
electron-dense cores begins by the wheel-like structure.

Once the terminal organelle is duplicated and the new structure attaches to the surface, the 
pre-existing terminal organelle recovers the gliding ability, thus separating the two terminal 
organelles at the different poles of the cell (Hasselbring et al., 2006a). Finally, the new 
terminal organelle becomes motile and it has been suggested that this gliding motility at 
opposite directions may help in segregation of daughter cells favouring cytokinesis (Lluch-
Senar et al., 2010).

M. pneumoniae is able to produce more than one terminal organelle before cytokinesis 
and gliding restoration (Hasselbring et al., 2006a), suggesting that this microorganism 
may initiate multiple cell division cycles simultaneously. In contrast, cells bearing multiple 
terminal organelles are rarely observed in M. genitalium. Even in gliding deficient strains with 
impaired cytokinesis, the frequency of cells showing multiple terminal organelles is very low, 
suggesting the presence of a mechanism regulating the development of nascent terminal 
organelles (Pich et al., 2009). This temporal regulation in M. genitalium that prevents the 
presence of multiple terminal organelles seems to be coordinated by P110 adhesin (Pich 
et al., 2009). 
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However, mutant strains of both M. genitalium and M. pneumoniae showing strong 
deficiencies in gliding motility and even lacking the terminal organelle structure have been 
isolated (Willby et al., 2004, Hasselbring et al., 2005, Pich et al., 2006a, Burgos et al., 
2006), indicating that gliding motility is not essential for cytokinesis.

Fig.  I.7. (A) Cell division in M. pneumoniae. More than one terminal organelle might appear before 
cytokinesis (a) or undergo a complete cell cycle before starting a new one (b). (B) M. pneumoniae cell 
showing three different P41 foci (arrow heads) revealing the presence of three terminal organelles. 
(C) M. genitalium mutant strain T192 lacking P110 adhesin and showing four terminal organelles.  
Bar is 1µm in (B) and and 0.5 µm in (C). Adapted from Hasselbring 2006a and Pich, 2009.
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Objectives

Chapter 1

1. Obtaining a MG_491 null mutant strain of M. genitalium and perform a phenotype 
analysis of this strain.

2. Confirm the presence and localize remaining cytoskeletal elements inside this strain 
by using a fluorescence fusion of P32 as a marker protein.

3. Gain a better understanding of the mechanism of M. genitalium gliding motility. 

Chapter 2

4. Examine the role of MG491 several domains in the structure of the terminal organelle 
and gliding motility.

5. Investigate the biological role of the MG491 organization by characterizing M. 
genitalium strains carrying mutations in residues with special relevance in MG491 3D 
structure.

6. To investigate the role of the MG491-MG200 interactions in gliding motility and terminal 
organelle structure.

Chapter 3

7. Develop a new method to quantitatively and precisely measure the hemadsorption 
activity of mycoplasma strains.

8. Provide a mathematical model for the attachment of mycoplasma cells to erythrocytes.

9. Determine how the binding kinetic constants are related to specific binding deficiencies 
in mycoplasma strains.

10. Compare the adhesion properties of several mycoplasma strains.
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Summary

Chapter 1: Gliding Motility in Electron-Dense Deficient Mutants of Mycoplasma 

genitalium

The cell-wall less bacterium Mycoplasma genitalium uses specialized adhesins located at 
the terminal organelle to adhere to host cells and surfaces. The terminal organelle is a polar 
structure protruding from the main cell body that is internally supported by a cytoskeleton and 
also has an important role in cell motility. We have engineered a M. genitalium null mutant 
for MG491 protein showing a massive downstream destabilization of proteins involved in 
the terminal organelle organization. This mutant strain exhibited striking similarities with 
the previously isolated MG_218 null mutant strain. Upon introduction of an extra copy of 
MG_318 in both strains, the amount of main adhesins dramatically increased. These strains 
were characterized by microcinematography, fluorescent microscopy and cryo-electron 
microcopy, revealing the presence of motile cells and filaments in the absence of many 
proteins previously considered essential for proper cell adhesion and motility. These results 
indicate that adhesin complexes play a major role in the motile machinery of M. genitalium 
and demonstrate that the rod element of the cytoskeleton core is not the molecular motor 
propelling mycoplasma cells. These strains containing a minimized motile machinery also 
provide a valuable cell model to investigate the adhesion and gliding properties of this 
human pathogen.

Chapter 2: Mycoplasma genitalium Strains with Relevant Mutations in the 

Structure and Function of MG491 Protein

The crystal structure of M. genitalium MG491 protein has been recently determined. The 
MG491 molecule is a tetramer presenting a unique organization as a dimer of structural 
heterodimers. The asymmetric arrangement results in two very different intersubunit 
interfaces, which can explain the formation of only 50% of the disulphide bridges between 
Cys87 residues. M. genitalium cells with a point mutation in the MG_491 gene causing the 
change Cys87 to Ser present a drastic reduction in motility, while preserving normal levels 
of terminal organelle proteins. Similarly, other M. genitalium strains with mutations affecting 
the quaternary structure as well as the C-terminal peptide involved in the interaction with 
MG200 have also shown significant changes in gliding motility. However, the M. genitalium 
strain with MG491 N-terminal deletion showed a massive downstream destabilization of 
terminal organelle proteins. The results in this work indicate that MG491 protein is involved 
in the stability and anchoring of the M. genitalium terminal organelle and plays a particular 
role in gliding motility.
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Chapter 3: Quantitative Hemadsorption Assay for Mycoplasma Species 

using Flow Cytometry

A number of adherent mycoplasmas have developed highly complex polar structures that 
are involved in diverse aspects of the biology of these microorganisms and play a key role 
as virulence factors by promoting adhesion to host cells in the first stages of infection. 
Attachment activity of mycoplasma cells has been traditionally investigated by determining 
their hemadsorption ability to red blood cells and it is a distinctive trait widely examined 
when characterizing the different mycoplasma species. Despite the fact that protocols 
to qualitatively determine the hemadsorption or hemagglutination of mycoplasmas are 
straightforward, current methods when investigating hemadsorption at the quantitative level 
are expensive and poorly reproducible. By using flow cytometry, we have developed a 
procedure to quantify rapidly and accurately the hemadsorption activity of mycoplasmas 
in the presence of SYBR Green I, a vital fluorochrome that stains nucleic acids, allowing 
to resolve erythrocyte and mycoplasma cells by their different size and fluorescence. This 
method is very reproducible and permits the kinetic analysis of the obtained data and a 
precise hemadsorption quantification based on standard binding parameters such as the 
dissociation constant Kd. The procedure we developed could be easily implemented in a 
standardized assay to test the hemadsorption activity of the growing number of clinical 
isolates and mutant strains of different mycoplasma species, providing valuable data about 
the virulence of these microorganisms.



 

Part 1: Characterization of MG_491 null mutant strain.
Part 2: Gliding motility in ∆mg491-P32Ch cells.
Part 3: Characterization of ∆mg218-P32Ch cells.

Gliding Motility in Electron-Dense Deficient Mutants of 
Mycoplasma genitalium
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Chapter 1
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Introduction

Mycoplasmas are small cell wall-less bacteria that have arisen from Gram-positive ancestors 
by genome reduction (Woese et al., 1980, Sirand-Pugnet et al., 2007). Due to their small 
genomes, these microorganisms possess limited metabolic pathways and have adopted 
a parasitic lifestyle, obtaining most of the essential nutrients from the host (Pollack et al., 
1997, Razin et al., 1998b). Many mycoplasmas are also pathogens of a wide range of 
animals and plants, and a number are characterized by the presence of polar structures 
exhibiting uncommon complexity in the bacterial world. These polar structures, which have 
received a panoply of different names in the different mycoplasma species (e.g. bleb, tip 
structure, attachment organelle, terminal organelle, membrane protrusion), have a pivotal 
role in the virulence of these microorganisms. They assist the cells in adhesion and further 
invasion of the host cells (Jensen et al., 1994, Krunkosky et al., 2007, Krause et al., 1982), 
play a relevant function in cell division  (Lluch-Senar et al., 2010, Bredt, 1968, Hasselbring 
et al., 2006a) and contain the molecular motor that propels and directs the cells to glide on 
solid surfaces (Miyata, 2010, Hasselbring and Krause, 2007a, Burgos et al., 2008).  

Mycoplasma genitalium is the causative agent of non-chlamidial and non-gonococcal 
urethritis (Deguchi and Maeda, 2002, Horner et al., 1993, Totten et al., 2001) and other 
genital inflammatory diseases (Dehon and McGowin, 2014, Haggerty and Taylor, 2011, 
Manhart et al., 2003). Belonging to the pneumoniae cluster, M. genitalium is indeed an 
excellent model to study the molecular mechanisms involved in virulence and pathogenicity. 
Besides the interest as a human pathogen, this small flask-shaped bacterium with a genome 
of only 580 kb has attracted the interest of many researchers as a natural approach to 
a minimal cell (Fraser et al., 1995, Hutchison et al., 1999). Unlike many mycoplasma 
species, methods for targeted gene deletion are available in M. genitalium (Burgos et 
al., 2006, Dhandayuthapani et al., 1999) making it possible to obtain well characterized 
mutant strains showing gliding deficiencies, loss of the adhesion properties and structural 
changes in the terminal organelle (Burgos et al., 2007, Burgos et al., 2008, Calisto et al., 
2012, Pich et al., 2008). Besides this, two terminal organelle proteins, MG386 and MG200, 
involved preferentially in cell motility but not in cell adhesion were identified by transposon 
mutagenesis (Pich et al., 2006a). Moreover, M. genitalium genes show high identity degree 
with their orthologues in the closely related human pathogen Mycoplasma pneumoniae, 
suggesting many similarities in virulence mechanisms such as gliding motility (Hatchel and 
Balish, 2008).

Several proteins of M. pneumoniae and M. genitalium have been localized in the terminal 
organelle using immunochemistry and fluorescent fusions (Calisto et al., 2012, Hasselbring 
et al., 2006a, Kenri et al., 2004, Seto et al., 2001). Terminal organelles are internally supported 
by a complex electron-dense cytoskeleton (Hegermann et al., 2002, Meng and Pfister, 1980, 
Regula et al., 2001). Several distinctive components of M. pneumoniae cytoskeleton have 
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been identified and characterized by electron cryotomography: a terminal knob or terminal 
button at the distal end of the internal cytoskeleton; a rod containing segmented paired 
plates in the central part of the internal cytoskeleton; and a wheel-like or bowl complex at the 
proximal end of the cytoskeleton close to the cell body (Hegermann et al., 2002, Henderson 
and Jensen, 2006, Miyata, 2008, Seybert et al., 2006). Furthermore, it was also identified 
a nap structure containing the main adhesins surrounding the cell membrane. Since 
conformational variants of the rod component were detected by electron cryotomography, it 
was suggested that repeated changes between the different conformations might generate 
the cell movement by an inchworm like mechanism (Henderson and Jensen, 2006, Miyata, 
2008, Seybert et al., 2006). However, blocking M. pneumoniae P1 adhesin with antibodies 
stopped cell movement just before those cells were detached from the surface (Seto et 
al., 2005a). Moreover, no correlation has been found between electron-dense core size 
and gliding properties when comparing different mycoplasma species (Hatchel and Balish, 
2008). These views support that movement could be achieved in a similar way as a 
centipede, which is the movement model proposed for Mycoplasma mobile gliding. In this 
mycoplasma species it is thought that leg proteins move the cells by repeated catching, 
binding and releasing the substrate (Adan-Kubo et al., 2006, Kasai et al., 2013, Miyata, 
2010). However, no direct evidence is currently available supporting any movement model 
for mycoplasmas belonging to the pneumoniae cluster.

In this work, we have engineered a null M. genitalium mutant strain for the MG_491 gene, 
coding for a protein which is expected to localize in the wheel-like component of the 
cytoskeleton (Kenri et al., 2004). The phenotype of this strain showed a massive downstream 
destabilization of structural proteins involved in the terminal organelle organization and 
shared many similarities with a previously isolated MG_218 deficient strain (Pich et al., 
2008). Upon the introduction in both strains of an extra copy of MG_318 gene, coding 
for the cytadherence related protein P32 (Reddy et al., 1995), the levels of the main 
adhesins increased dramatically. These strains also generated motile filaments and cells 
in the absence of the major cytoskeletal proteins, highlighting the role of the adhesins in 
gliding motility and revealing that many cytoskeletal proteins, previously considered critical 
for terminal organization and motility, are not essential for movement generation in this 
otherwise minimalized microorganism. These results also provide the first direct evidence 
that the rod component of the terminal organelle is not essential for gliding motility.
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Results

Part 1: Characterization of MG_491 null mutant strain
	 1.1. Isolation of Δmg491 strain by homologous recombination

M. genitalium Δmg491 null mutant strain was obtained by gene replacement using the 
tetM438 selectable marker (Fig. 1.1A). We isolated four transformant colonies, all showing a 
single 6.3 kb band by Southern blot consistent with the presence of the intended replacement 
(Fig. 1.1B,C). One of these transformants (C2) was selected for further analyses. To confirm 
the replacement, flanking regions sequences of tetM438 were determined by direct Sanger 
sequencing of genomic DNA of this mutant (data not shown). 

	 1.2. Additional mutations in the MgPa operon

All four ∆mg491 clones grew in suspension showing big aggregates of cells. This phenotype 
prompted us to investigate the presence of spontaneous mutations inside the MgPa operon 
coding for the main adhesins (Burgos et al., 2006, Mernaugh et al., 1993). Genomic DNA 
from these clones was amplified by three PCRs using R1-R4, R5-R6, and R1-R6 primers, 
respectively (Fig. 1.2A). These oligonucleotides were designed to detect recombination 
events between the repetitive sequences found in MgPa operon and in MgPa islands (RC1-
6), modifying the length of the amplicons. C2-C4 clones showed amplicons of WT length 
in the three PCR tests, indicating that no spontaneous recombination in MgPa operon had 

Fig 1.1. Transformation of pΔmg491 plasmid and analysis of the transformant colonies. (A) Double 
cross-over recombination events causes mg491 deletion and tetM438 insertion. (B) A single 4171-
bp band is expected when BglII digested G37 WT genomic DNA is probed by LHR fragment in 
a Southern blot. A 6285-bp band is expected when mg491 is replaced by tetM438 marker. Two 
bands of 4825 and 6326 bp would appear in plasmid cointegrates by LHR while two bands of 4171 
and 7084 bp would appear in plasmid cointegrates by RHR region. (C) Southern blot showing the 
presence of the intended deletion in all 4 isolated mutant colonies.
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hapenned (Fig. 1.2B). In contrast, C1 clone showed differences in the size of the fragments 
resulting from amplification with R1-R6 and R1-R4 primers, and no band was detected 
from the PCR with R5-R6 primers. The analysis of this PCR profile reveals that a double 
cross-over recombination had ocurred in the C1 clone between the RC3 and RC5 regions 
of the MgPa operon and their homologous regions in MgPa island V, located inmediately 
downstream the MgPa operon (Fig. 1.2C). Hence, non-adhesion growing in clones C2-C4 
are only consequence of the intended deletion of MG_491 gene.  

	 	

	 	

	 	

	 	

	 	

	 	

 	 1.3. Downstream destabilization of adhesion related proteins

The absence of MG491 protein in ∆MG491 strain was confirmed by Western Blot using 
an anti-P41 polyclonal antiserum (Fig. 1.3B). Protein profiles of cells from Δmg491 strain 
showed a drastic decrease in the amounts of P110 and P140 adhesins and MG218, MG312 
and P32 proteins, and also reduced levels of MG386 protein (Fig. 1.3). These proteins 
have been found previously involved in the terminal organelle organization of M. genitalium 
(Burgos et al., 2006, Burgos et al., 2007, Pich et al., 2008) and they are, respectively, the 
orthologs of the M. pneumoniae cytoskeletal proteins P1, P40 and P90, HMW2, HMW1, 
HMW3, P30 and P200 (Burgos et al., 2007, Pich et al., 2008, Willby et al., 2004, Seto and 
Miyata, 2003). ∆MG491 also showed a decrease of the MG218Ct and MG217 proteins 

Fig. 1.2. Detection of additional mutations in MgPa operon by PCR. (A) Localization of primers R1, 
R4, R5 and R6 in mg191 and mg192 genes. RC1-RC6 are DNA sequences found also in MgPa 
islands (B) Amplification of WT G37 and C1-C4 genomic DNA with primers R1-R6, R5-R6 and R1-
R4 show a mutation in MgPa operon only in C1 clone. (C) Recombination events between RC3 and 
RC5 and the corresponding regions in MgPa island V explain the differences in the PCR fragments 
from C1 clone. 
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under the levels of detection (Fig. 1.3). MG218Ct is a 28 kDa polypeptide corresponding 
to the C-terminal region of MG218 coded by a small ORF located at the 3’ end of MG_218 
gene (Boonmee et al., 2009). MG217 protein homologous to M. pneumoniae P65 is 
located, together with MG317 and P32, at the distal end of the tip structure (Burgos et al., 
2008, Hasselbring et al., 2006a, Jordan et al., 2001, Kenri et al., 2004). MG200, a TopJ 
orthologous protein, was detected at WT levels in Δmg491 cells. This protein has a specific 
role in gliding motility and might be involved in adhesin folding and translocation to the cell 
membrane (Calisto et al., 2012, Cloward and Krause, 2011, Pich et al., 2006a). MG219 
protein was also found at WT levels in Δmg491 cells indicating that the deletion of MG_491 
had no polar effects on the expression of the downstream MG_219 gene (Fig. 1.3).

Fig. 1.3. Protein profile and Western immunoblot 
analysis of the M. genitalium G37 WT strain, MG491 
null mutants and MG218 null mutants used in this 
work. (A) Protein profiles of G37 WT strain and 
mutant strains ∆mg491, ∆mg491-P32ch, ∆mg218 
and ∆mg218-P32ch. Bands corresponding to MG386, 
MG312, MG218 proteins and P110 and P140 
adhesins were assessed by their electrophoretic 
mobility as previously described in (Pich et al., 2008). 
Size standards are given in the left.  Levels of proteins 
MG312 and MG218 were highly reduced or absent 
in all mutant strains. P110 and P140 adhesin levels 
were also very reduced in ∆mg491 and ∆mg218 
strains. ∆mg491-P32ch and ∆mg218-P32ch strains 
showed P110 and P140 adhesin levels about 50% of 
those found WT G37 strain by densitometric tracings. 
(B) Western immunoblot analysis to determine the 
levels MG317, MG491, MG217, MG218Ct, MG200, 
P32 and MG219 proteins. Levels of most proteins 
in mutant strains were reduced or absent when 
compared to those exhibited by the G37 WT strain. 
Levels of MG491 protein in ∆mg218 and ∆mg218-
P32ch strains were similar to those found in the WT 
G37 strain. MG200 and MG219 levels were similar 
in all the tested strains. Three bands were detected 
in ∆mg491-P32ch and ∆mg218-P32ch when tested 
with a polyclonal anti-P32 serum, being the upper 
band corresponding to the P32:mCherry fusion and 
the lower band to the endogenous P32 protein; an 
intermediate band corresponding to a proteolytic 
product of the P32:mCherry fusion was also detected. 
P32-mCherry fusion was also investigated by using 
anti-mCherry antibodies confirming the presence of 
two proteolytic bands of 37 kDa and 16 kDa originated 
by a proteolytic cleavage inside the mCherry protein.
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Given the strong impact in the stability of many cytoskeletal proteins upon deletion of 
MG_491, we examined the adhesion and gliding motility properties of Δmg491 strain. In 
agreement with the low amount of the main adhesins, cells from this strain bound poorly 
to plastic surfaces and red blood cells (Fig. 1.4). In addition, these cells grew as filaments 
and forming large cell aggregates, making difficult the visualization of single cells by phase 
contrast microscopy. 

 	
	
	
	
	
	
	
	
	
	
	
	

	 1.4. Filamentous morphology and motility

Upon extended incubation times, some filaments and cell aggregates of ∆mg491 cells 
were eventually bound to the slides, allowing their examination (Fig. 1.5). No individual 
cells resembling the WT morphology were observed. Some of these filaments grew by 
the extension of one of their ends at extremely slow rates and several hours of time lapse 
cinematography were needed to demonstrate the elongation of these filaments (Fig. 1.6). Cell 
filaments could be originated by protrusions from the main cell aggregates or, alternatively, 
by the presence of a rudimentary motile machinery at at one of the ends. In contrast to 
previous observations in M. pneumoniae MPN311 mutant (Hasselbring & Krause, 2007a) 
no cell particles escaping from the filaments and cell aggregates were detected.

Fig. 1.4. Qualitative hemadsorption assay of M. 
genitalium G37 WT strain and derivative mutant 
strains. Colonies from G37 WT strain and one 
isolate of ∆mg491 strain transformed with plasmid 
pMTnMG491 plasmid were uniformly covered by 
erythrocytes. In contrast, all the remaining mutant 
strains showed few or no erythrocytes attached to 
the colonies. Bar is 100 µm.

Fig. 1.5. Scanning Electron Microscopy (SEM) images from M. genitalium G37 WT and ∆mg491 
mutant strain. (A) Cells from G37 WT strain; arrow head points to the terminal organelle of one cell. 
(B) Cells from ∆mg491-P32ch strain showing the filamentous morphology; arrow head points to the 
end of one filament. Bar is 1 µm.
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Fig. 1.6. Microcinematography of ∆mg491 strain. Frames were captured at 30 min intervals for 16 
h. The arrow points to a filament extension. Time is h:min, bar is 2 µm.

	 1.5. Complementation of Δmg491 null mutants

To exclude the presence of genetic defects in the Δmg491 strain other than the intended 
deletion, we engineered a pMTncatmg491 containing a wild-type copy of MG_491 gene 
under the control of the MG_438 promoter. This promoter was previously used for efficient 
expression of genes in M. genitalium and for complementation assays (Burgos et al., 
2006, Lluch-Senar et al., 2010). Protein profiles were the same as those exhibited by WT 
cells (Fig. 1.7A) and, consistent with the normal amounts of the cytoskeletal proteins, this 
transformant also recovered the hemadsorption activity at the same levels than WT G37 
strain (Fig. 1.4). Cells of ∆mg491-mg491cat complemented strain recovered the flask-
shape morphology when visualized by scanning electron microscopy (Fig. 1.7B). When 
examined by phase contrast and time lapse microcinematography, most of the cells glide 
as single, individual cells  with velocities and frequencies similar to those found in the G37 
strain. Thus, complementation with a WT MG_491 allele demonstrates that the complex 
phenotype of Δmg491 cells is triggered only by the absence of MG491 protein.

Fig. 1.7. Complementation of ∆mg491 strain by transformation with pMTnCatmg491. (A) Protein 
profiles of M. genitalium G37 WT, Δmg491 and Δmg491-mg491Cat showing the reduced levels of 
the main cytoskeleton proteins and adhesins in Δmg491 strain and the recovery to normal levels in 
Δmg491-mg491cat strain. (B) Cells from G37 WT and ∆mg491-mg491cat strains show the same 
flask-shape appearance by SEM.
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Part 2: Gliding motility in ∆MG491-P32Ch cells

	 2.1. Characterization of the motile machinery in the filaments

The observed growing filaments might be originated by the presence of a rudimentary 
motility machinery at one of their ends. To address this hypothesis, we were prompted to to 
investigate the presence of that machinery by using a fluorescent mCherry-P32 fusion as a 
marker protein. Similar fluorescent fusions have been used as markers for terminal organelle 
development in M. pneumoniae (Hasselbring et al., 2006a, Hasselbring and Krause, 2007a, 
Hasselbring and Krause, 2007b). After introducing an extra copy of P32 fused to mCherry, 
protein profile of Δmg491-P32ch cells was assessed by SDS-PAGE and Western blot (Fig. 
1.3). Two new bands of 53 kDa and 37 kDa were detected by using anti-P32 antibodies. 
While the 53 kDa band is in agreement with the expected mass of P32:mCherry fusion 
protein, the 37 kDa band could be a proteolysis product, indicating that this fusion is not 
completely stable when introduced to M. genitalium. Remarkably, it was also detected an 
increase in the amounts of P32 protein, suggesting that the fusion may stabilize the P32 
protein in cells or alternatively that the P32 protein was itself one of the proteolysis products 
of the fluorescent fusion. By using anti-mCherry antibodies, we excluded that the increased 
levels of P32 in Δmg491-P32ch were the consequence of a limited proteolysis of the fusion 
protein (Fig. 1.3B). Interestingly, the protein profile of this strain also showed the recovery of 
the adhesins P110 and P140 to levels approximately 50% of those found in WT G37 cells, 
indicating that the main adhesin complex P140-P110 is, at least in part, stabilized by the 
presence of the P32 protein (Fig. 1.3A). 

Fig. 1.8. Phase contrast/fluorescence microscopy to locate P32 in M. genitalium G37 P32mCh and 
∆mg491-P32ch strains. Phase contrast, Hoechst 33342 and mCherry epifluorescence pictures of 
representative fields are shown for each strain. These pictures are merged in the left panels. Black 
arrows point to several P32:mCherry foci found in the filament stems and at the tip of these filaments. 
White arrows point to P32:mCherry foci observed in very small cells with no Hoechst 33342 fluores-
cence signal. Bar is 10 µm.
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G37-P32ch cells exhibited a strong mCherry epifluorescence signal and in several cells 
this signal was overlapping with the phase contrast and fluorescent foci from Hoechst 
33342 stained DNA (Fig. 1.8A). This pictures may suggest that P32 is localized scattered 
over a substantial part of the mycoplasma cell, being less polarized than the orthologous 
protein in M. pneumoniae (Hasselbring et al., 2006a). However, we cannot exclude the 
presence of a fluorescent mCherry background as a consequence of the limited proteolysis 
of P32-mCherry fusion detected by Western-blot (Fig. 1.3B). Alternatively, P32 might be 
in excess in these cells, precluding the proper localization of all P32 molecules. When 
analyzing the Δmg491-P32ch strain, all cell aggregates and filaments showed a fluorescent 
background. Fortunately, some discrete foci were also visible in several points of the cell 
filaments, especially at their ends (Fig. 1.8B, black arrows). Since P32 is involved in terminal 
organelle organization (Hasselbring et al., 2005, Reddy et al., 1995), this result reinforces 
the notion that a residual motile machinery persists in Δmg491 cells. Interestingly, it was 
also noticeable the presence of particles smaller than mycoplasma cells showing an intense 
mCherry fluoresecence but no Hoechst 33342 fluorescence (Fig. 1.8B, white arrows). These 
particles may correspond to cell detachments as previously reported (Hasselbring and 
Krause, 2007a) and their presence is also in agreement with the existence of a minimized 
motile machinery in Δmg491 cells. 

Cells from Δmg491-P32ch strain grew forming large cell aggregates and filaments similar 
to those exhibited by the cells from the Δmg491 parental strain. In agreement with the 
increased levels of P140 and P110 adhesins, Δmg491-P32ch cells attached easily to 
plastic slides. However, the hemadsorption activity of this strain was not restored (Fig. 
1.4), indicating that a full P140-P110 complement is required for proper cell adhesion (Pich 

Fig. 1.9.  Time-lapse phase contrast microcinematographies of cells from ∆mg491-P32ch strain. 
Frames were taken every 5 min in (A-B) and every 2 sec in (C). (A) A filament extending at its end is 
pointed by a black arrow. (B) A motile filament is pointed by a yellow arrow head. (C) A motile small 
cell showing a circular track (marked in red) and a velocity similar to that exhibited by G37 WT cells 
is pointed by a yellow arrow head. Bar is 2 µm. Time is hour:min in (A-B) and hour:min:sec in (C).
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et al., 2009). Surprisingly, when the Δmg491-P32ch strain was analyzed by time-lapse 
microcinematography (Fig. 1.9), cell filaments grew faster than those of Δmg491 strain. 
In addition, small filaments, single cells and small particles gliding on the plastic surface 
were also evident. Although filaments extended at very slow velocities (0.6 ± 0.07 nm s-1), 
the small particles moved at velocities (0.056 ± 0.014 µm s-1) comparable to those of WT 
G37 cells. Consequently, the increased amounts of P32 and the main adhesin complex 
in Δmg491-P32ch cells are well correlated with the improved motility of this mycoplasma 
strain.

	 2.2. Ultrastructure of the cytoskeleton in ∆mg491-P32ch cells

Cells from G37 WT and Δmg491 P32mCh strains were examined by SEM to characterize 
the external cell morphology (Fig. 1.10A,B) and by cryo-electron microscopy (Cryo-EM) to 
detect internal structures (Fig. 1.10C-H). An electron-dense core supporting the terminal 
organelle was found inside most of WT cells. In particular, a curved, segmented rod and the 
terminal button were easily visualized (Fig. 1.10C,D. arrows). Moreover, WT cells showed an 
electron-lucent area surrounding the electron-dense core, as it has been previously reported 
in M. pneumoniae (Henderson and Jensen, 2006, Seybert et al., 2006). A large amount of 

Fig. 1.10. Analysis of the morphology and ultrastructure of cells and filaments from G37 WT and 
∆mg491-P32ch strain by SEM and cryo-electron microscopy (Cryo-EM). (A) SEM micrograph of 
cells from M. genitalium G37 WT strain; white arrow points to the terminal organelle of one cell. 
(B) SEM micrograph of cells from ∆mg491-P32ch strain showing the filamentous morphology with 
pleomorphic tips, pointed with black arrows. Bar in SEM micrographs is 1 µm. (C-D) Cryo-EM images 
of G37 WT cells showing the terminal organelle and the distinctive elements of the external and 
internal cytoskeleton. Black arrows point to the internal electron-dense cores supporting the terminal 
organelle architecture. Arrow head points to the nap structure anchored to the cell membrane 
surrounding the terminal organelle. (E-H) Cryo-EM images of filaments from ∆mg491-P32ch strain 
showing a thickened tip. No internal structures could be observed in filaments from pictures F-H. 
Only a single cell exhibiting an electron-dense core-like structure (black arrow) was detected and 
is showed in panel E. Arrow heads point to the nap structure that was visualized in the enlarged 
pictures E-G. Bars in cryo-EM pictures are 0.3 µm. 
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particles were also observed at the external side of the cell membrane surrounding the 
terminal organelle (Fig. 1.10C,D; arrow head). These particles are formed by the adhesin 
complexes and comprise the nap structure of M. genitalium and M. pneumoniae (Baseman 
et al., 1982b, Henderson and Jensen, 2006, Seto et al., 2001, Seybert et al., 2006).

Only few cells from the Δmg491-P32Ch strain showed electron-dense cores. In these 
cells, structures resembling the terminal button and the rod could be identified (Fig. 1.10E). 
However, no internal structures were observed inside the profuse filaments produced by 
this strain (Fig. 1.10F-H). These filaments were pleomorphic extensions of the cell bodies 
with a variable size but often finished by a thickened end, which was connected in many 
cases by a thin segment to the cell body (Fig. 1.10F-H). Probably, further elongation of 
these thin segments may result in the breaking of the filament and this could be in the origin 
of the cell detachments observed by epifluorescence microscopy (Fig. 1.8B). Interestingly, 
a significant number of nap structures were detected along the filaments. Nap structures 
were always observed at the thickened end of the filaments and also decorating some 
segments of the filament stem. However, no nap structures were identified when examining 
the longest filaments in the regions closer to the cell body (Fig. 1.10G).

Part 3: Characterization of ∆mg218-P32Ch cells
	 3.1. Role of the cytoskeletal proteins in the motile machinery of M. genitalium

The above results suggesting an active role of P32, P140 and P110 in cell motility were 
unexpected. To date, MG218 has been considered a protein essential for mycoplasma 
movement. Previous analyses of MG218 null mutants demonstrated that in the absence of 
this protein, mycoplasma cells are not motile (Pich et al., 2008). According to the current 
inchworm model for mycoplasma motility, movement is generated by the rod component of 
the terminal organelle (Henderson and Jensen, 2006, Miyata, 2008, Seybert et al., 2006), 
and MG218 is the main protein involved in the rod architecture (Balish et al., 2003, Pich et 
al., 2008). However, an unequivocal demonstration of the precise role of MG218 in motility 
has been precluded by the fact that in the absence of this protein there is also a concomitant 

Fig. 1.11. Phase contrast/fluorescence microscopy to locate P32 in M. genitalium ∆mg218-P32ch 
strain. Phase contrast, Hoechst 33342 and mCherry epifluorescence pictures of a representative 
field are shown and merged in the left panel. Black arrow points to P32:mCherry foci found in filament 
stems and tips. White arrows point to P32:mCherry foci observed in very small cells with no Hoechst 
33342 fluorescence signal. Bar is 10 µm.
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loss of many cytoskeletal proteins including P32, P140 and P110 (Fig. 1.3). Based on the 
motile properties of Δmg491-P32ch cells, we addressed the question if a similar rescue of 
the motile activity could be also achieved in cells completely lacking of MG218. To this end, 
pmTnGmP32:mCherry construct was electroporated on the Δmg218 M. genitalium strain 
deficient for MG_218 previously obtained in our laboratory (Pich et al., 2008). Δmg218-
P32ch transformant cells exhibited normal levels of MG491 protein, similar to those found 
in the parental strain and WT G37 strain. Noteworthy, protein profiles of Δmg218-P32ch 
transformant cells showed increased levels of P140, P110 and P32 similar to those detected 
in Δmg491-P32ch cells (Fig. 1.3). The hemadsorption status was also very similar to that 
of the Δmg491-P32ch strain (Fig. 1.4). When this strain was examined by epifluorescence, 
filaments and cell aggregates showing some mCherry fluorescence background and several 
discrete foci were observed (Fig. 1.11) indicating preferential sites for P32 clustering even in 
the absence of MG218. Interestingly, phase contrast and time lapse microcinematography 
analysis revealed the presence not only of growing filaments, but isolated motile filaments 
were also evident and gliding at velocities similar to those exhibited by Δmg491-P32ch cells 
(Fig. 1.12). Consequently, the detection of motile structures in cells lacking MG218 confirmed 
our previous expectations indicating that this protein is not an essential component of the 
motile machinery of M. genitalium.

	

	

	

	

	

	

	

	

	

	

	 3.2. Rearrangements of the cytoskeleton in the ∆mg218-P32Ch strain

Cells from Δmg218-P32ch also exhibited a large amount of filament extensions from the 
main cell body when examined by SEM and Cryo-EM (Fig. 1.13). As it was observed 
in Δmg491-P32ch, these filaments had a pleomorphic appearance, showing also thin 
segments in the region closer to ends, which consistently had a rounded shape (Fig. 1.13). 

Fig. 1.12. Time lapse phase contrast microcinematographies of cells from ∆mg218-P32ch strain. 
Frames were taken at 5 min intervals. (A) A filament extending at its end is pointed by a black arrow. 
(B-C) Motile filaments are pointed by a yellow arrow head. Time is h:min. Bar is 2 µm.
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Remarkably, a novel electron-dense structure was detected inside the rounded ends of 
the filaments (Fig. 1.13C-F). This new cytoskeletal structure had a circular shape with a 
diameter between 120-150 nm. Nap structures were also found consistently localized at the 
outer side of the cell membrane surrounding this rounded structure (Fig. 1.13F), suggesting 
a close association between the adhesin complexes and the distinctive cytoskeleton of 
these cells. We were unable to obtain reproducible preparations of ∆mg491 and ∆mg218 
mutant cells. These strains are prone to form large aggregates, which led to the presence 
of very thick ice layers during the vitrification step, precluding that these samples could be 
properly visualized and analyzed by Cryo-EM.

Fig. 1.13. Analysis of the morphology and ultrastructure of cells and filaments from ∆mg218-P32ch 
strain by SEM and Cryo-EM. (A-B) SEM micrographs of cells from ∆mg218-P32ch strain showing the 
filamentous morphology. Cell filaments are pointed with black arrows. A detached filament is pointed 
by a black arrow head. Bar is 1 µm. (C-F) Cryo-EM images of cells from ∆mg491-P32ch strain 
showing a rounded structure at the end of the filaments (black arrows). Nap structures are localized 
at the membrane surrounding the rounded structure. Bars are 0.3 µm.
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Discussion

Motile mycoplasmas glide on solid surfaces by unique and largely unknown mechanisms 
and display cytoskeleton structures of unprecedented complexity in the bacterial world. 
Motility is also in close connection with the virulence of these mucosal pathogens (Jordan et 
al., 2007, Prince et al., 2014). Therefore, we choose to examine the contribution of different 
cytoskeletal proteins to the gliding motility of the mucosal pathogen M. genitalium to gain 
insight into the function of these proteins when generating the cell movement. Our results 
highlight the role of P32 protein and the P110-P140 main adhesin complex in the motile 
machinery of M. genitalium and also suggest that MG312 and MG218 proteins are not 
essential for motility. These findings add a new knowledge about the motile machinery of 
this microorganism and, contrary to previous views (Henderson and Jensen, 2006, Seybert 
et al., 2006), indicate that the rod element of the cytoskeleton core is not the molecular 
motor propelling mycoplasma cells.

The isolated mutant strain deficient for MG491 protein presented extremely low levels of 
several proteins involved in the terminal organelle structure and functioning. Downstream 
events in additional proteins are common when engineering mutant strains lacking cytoskeletal 
proteins. Most of these events have a posttranslational origin since many proteins are 
stabilized once entered into the terminal organelle structure (Popham et al., 1997). We have 
found that downstream events in Δmg491 cells are very similar to those found in Δmg218 
cells (Fig. 1.3), suggesting that most of changes detected in Δmg491 cells might be a direct 
consequence of the low levels of MG218. Consistent with the low levels of MG218 and 
MG312 proteins, Δmg491 cells also showed low amounts of the main adhesins P110 and 
P140 and failed in cytoskeleton development (Fig. 1.10) (Pich et al., 2008). However, a small 
number of these cells possessed structures reminiscent of the terminal button and rod (Fig. 
1.10E), which is in agreement with the low levels of the main cytoskeletal proteins remaining 
in this strain. Although the high identity levels between MG491 and P41, the phenotype of 
Δmg491 cells is remarkably different from that exhibited by M. pneumoniae MPN311 mutant 
cells lacking P41, which produce functional terminal organelles with a composition similar 
to those of WT cells (Hasselbring and Krause, 2007a). This suggests that the interplay and 
mutual stabilization of the terminal organelle elements is very different in these two closely 
related mycoplasma species. In addition, the structure and composition of the cytoskeleton 
cores of M. genitalium and M. pneumoniae are nearly identical (Fig. 1.10C-D)(González-
González, Unpublished, Henderson and Jensen, 2006, Seybert et al., 2006). Rather than a 
different functional role for MG491 and P41, our findings suggest that the dissimilar protein 
complement in both mutant strains is probably a consequence of the particular stability of 
MG218 and HMW2 orthologues in both mycoplasma species. Supporting this view, the low 
levels of most cytoskeletal proteins in Δmg491 cells is consistent with previous expectations 
suggesting that MG491 is incorporated early in terminal organelle assembly (Hasselbring et 
al., 2006a, Hasselbring and Krause, 2007a).
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Cells from Δmg491 strain grew forming large cell aggregates and long filaments. To 
investigate the origin of these filaments, a minitransposon containing a translational fusion 
P32:mCherry was introduced in the genome of ∆mg491 cells by transposition. Upon the 
introduction of the extra copy of MG_318 gene, the amount of the P110-P140 adhesin 
complexes increased to values around 50% of those found in WT cells indicating that 
P32 protein has a role in stabilizing P110-P140 adhesins. This result is in agreement with 
previous findings indicating that M. pneumoniae P30 is not essential for adhesin trafficking 
but is required to form properly functional adhesin complexes (Romero-Arroyo et al., 1999). 
However, our results also suggest that additional protein/s are required to fully stabilize 
P140 and P110 complexes and are consistent with an earlier work reporting that MG317 
is required for normal levels of these adhesins (Pich et al., 2008). It is also noteworthy that 
P110-P140 complexes exhibited a clustered distribution, and nap structures were evident 
at the tip of the filaments and in discrete locations of the filament stems. In a previous work, 
TopJ protein of M. pneumoniae was suggested to be essential for adhesin translocation 
to the outer side of the cell membrane (Cloward and Krause, 2011). Interestingly, normal 
levels of the TopJ homologue protein MG200 were detected in all filamentous strains of 
this work (Fig. 1.3B). Since no cytoskeletal structures were visualized in these filaments, 
this finding suggests that MG200 protein has a role in adhesin trafficking by a mechanism 
independent of most of supporting cytoskeletal proteins. On the other hand, nap structures 
were the single distinctive elements remaining in most of the visualized cells from Δmg491-
P32ch strain. The clustered distribution of P110-P140 complexes specially at the tip of the 
filaments suggests that nap structure is involved in the filament elongation by pulling the 
cell membrane out of the main body and, in the absence of a functional cytoskeleton, the 
main body remains anchored to the solid surface. Having a nap structure stretching the tip 
in different directions may also explain the pleomorphic thickened ends of these filaments 
(Fig. 1.10F-H). Our pictures are also consistent with the notion that the thickened ends 
may eventually detach from the growing filament, generating in this way a motile particle 
(Fig. 1.10H) (Hasselbring and Krause, 2007a). In this scenario, the improved motile activity 
exhibited by Δmg491-P32ch cells was very well correlated with an increased amount of P32 
protein and P110-P140 adhesins. These findings, together with the fact that levels of the 
remaining cytoskeletal proteins were unaffected, provide the first evidence that P110-P140 
adhesin complexes stabilized with P32 protein have a pivotal role on the movement 
generation of M. genitalium cells.

Cell filaments from Δmg218-P32ch strain extended at velocities similar to Δmg491-P32ch 
filaments and interestingly, a number of isolated filamentous cells were also observed to 
glide. These motile filamentous cells are strong evidence about the existence of a gliding 
machinery independent of MG218 protein and the rod structure. These observations also 
support the notion that the extension of filaments from either Δmg491-P32ch and Δmg218-
P32ch cells are a direct consequence of the presence of minimized motile machinery at the 
tip of the filaments. Filaments from Δmg218-P32ch strain showed a rounded electron dense 
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structure in the filament tips (Fig. 1.13C-F). This structure was much bigger than a regular 
terminal button and nap structures were restricted to the cell membrane surrounding this 
area, indicating that this core is fully proficient when organizing the adhesins. Consequently, 
these cells showed more compact tips and more regular morphologies than those observed 
in Δmg491-P32ch cells. The composition of this new cytoskeletal core is unknown. However, 
Δmg218-P32ch strain, which is derived from Δmg218 strain, lacks MG218 but has a full 
complement of MG491 protein (Fig. 1.3B) (Pich et al., 2008). Since no additional changes 
in the levels of the other cytoskeletal proteins were detected after introducing the extra copy 
of MG_318 gene, we conclude that MG491 protein plays a decisive role in the architecture 
of the cytoskeleton in Δmg218-P32ch cells. In addition to MG491 protein, it is also plausible 
that some the remaining cytoskeletal proteins in Δmg218-P32ch cells are also participating 
in this new macromolecular assembly. The recent finding that the C-terminal end of MG491 
protein interacts with MG200 by the EAGR box (Chapter 2) reinforces this view. Based on 
the presence of a stable cytoskeleton, a properly localized nap structure and the presence 
of DNA in many gliding filaments and cells, we could define a minimized set of proteins 
essential for the motile machinery of M. genitalium: MG491, MG219, MG386 and MG200, 
participating in the inner cell core and P110-P140 complexes together with P32 anchored 
to the cell membrane, in close connection to inner cell core. This motile machinery set 
may be also reminiscent of that existing in an earlier evolutionary step while mycoplasmas 
were developing mechanisms to propel cells. The remaining cytoskeletal proteins also 
involved in gliding motility that are found in modern mycoplasmas (MG218, MG312, MG317 
and MG217) seem to provide additional mechanisms for an improved transmission of the 
movement to the main cell body, an increased stability of adhesin complexes or modulate 
the direction of the cell movement, which could be critical for host invasion.

In conclusion, we provide the first direct evidence supporting that the motor structure of M. 
genitalium does not lie within the rod element of the cytoskeleton core and discards the 
current inchworm model to explain the movement generation in the terminal organelle of 
mycoplasma cells. In addition to highlight the role of the adhesin complexes in the origin 
or transmission of cell movement, we also provide a valuable minimized cell system to 
elucidate the intricacies of the complex motile machinery and cytoskeleton architecture of 
mycoplasma cells.
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Introduction

Mycoplasma genitalium, as well as many mycoplasmas of the pneumoniae group, glides 
through surfaces in the direction of a cell protrusion called terminal organelle (Miyata, 2010), 
which is also relevant in adhesion, cell divison and host cell invasion (Jensen et al., 1994, 
Burgos et al., 2006, Mernaugh et al., 1993, Bredt, 1968, Lluch-Senar et al., 2010). The 
terminal organelle is internally supported by an electron-dense core structure composed 
by proteins with no homologues outside the pneumoniae cluster. Cryo-EM studies have 
revealed the existence of eleven protein complexes composing the electron-dense core 
(Henderson and Jensen, 2006, Seybert et al., 2006). These studies have also shown that 
the terminal organelle is organised in three main structures: the terminal button, at the 
distal end; the rod or segmented paired plates, at the center; and the wheel-like complex, 
at the proximal end to the cell body. Some terminal organelle proteins of M. pneumoniae 
have been localized into these three structures using immunofluorescence or translational 
fusions with fluorescence proteins (Kenri et al., 2004, Seto et al., 2001, Seto and Miyata, 
2003, Hasselbring and Krause, 2007b, Calisto et al., 2012).

Due to the close phylogenetic relation between mycoplasmas of pneumoniae cluster and 
the proteins conforming the electron-dense core, it is often accepted a common mechanism 
of movement between these species (Hatchel and Balish, 2008). However, many functional 
differences have been found when studying the wheel-like proteins of M. genitalium and M. 
pneumoniae. First of all, M. pneumoniae MPN_312 gene coding for P24 protein is important 
in the terminal organelle formation and gliding motility (Hasselbring and Krause, 2007b), 
but the corresponding orthologue in M. genitalium has not been identified. Nevertheless, M. 
genitalium MG_219 gene is located at the same place as M. pneumoniae MPN_312 gene 
in the P65 operon, and is also essential for normal terminal organelle development and 
gliding motility (González-González, Unpublished). M. pneumoniae TopJ protein is involved 
in gliding motility and cytadherence (Cloward and Krause, 2011, Cloward and Krause, 
2009), but its M. genitalium orthologue MG200 is only involved in gliding motility (Pich et 
al., 2006a). Also, M. pneumoniae P41 protein is essential in the anchoring of the terminal 
organelle to the main cell body (Hasselbring and Krause, 2007a), while the M. genitalium 
ortologue MG491 protein is essential to develop the electron-dense core (chapter 1). In 
contrast, orthologue proteins P200 of M. pneumoniae and MG386 of M. genitalium have a 
similar role in gliding motility (Jordan et al., 2007, Pich et al., 2006a). All together indicates 
that the wheel-like structure is involved in both terminal organelle development and gliding 
motility.

Despite the overall structural information obtained by cryo-EM and the localization of the 
terminal organelle proteins into the electron-dense core, there is still very limited information 
about molecular details in the organisation of the terminal organelle. In particular, the 
3D structure of the terminal organelle constituent proteins as well as their molecular 
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interactions are essential to understand the assembling of the whole electron-dense core 
and the mechanism of gliding motility. This lack of structural information is probably due 
to technical issues resulting from the nature of the terminal organelle proteins, which are 
highly hydrophobic and rich in disordered regions. Nevertheless, researchers from I. Fita 
group (IBMB-CSIC, Barcelona) together with the structural biology group at the European 
Synchrotron Radiation Facility (ESRF, Grenoble) have recently determined the 3D structure 
of some domains of the wheel-like proteins MG200 and MG491.

M. genitalium MG200 protein, as well as M. pneumoniae orthologue protein TopJ, is involved 
in motility and terminal organelle function (Cloward and Krause, 2009, Pich et al., 2006a). This 
protein of 601 residues is predicted to be a multi-domain polypeptide (Cloward and Krause, 
2010, Cloward and Krause, 2009, Balish et al., 2001). TopJ N-terminal region is composed 
by a J-like domain. Briefly, J-domains are usually found in DnaJ familiy of co-chaperones, 
where these domains stimulate DnaK (Hsp70) chaperone to hydrolyze ATP, thus inducing 
a conformational change in DnaK that allows the binding to the presented polypeptide 
and inhibiting premature protein folding (Hendrick and Hartl, 1995, Frydman, 2001). M. 
pneumoniae TopJ mutants in J-domain fail to proper assemble the terminal organelle 
having strong effects on cytadherence and motility. This suggests that TopJ J-domain is 
actually a co-chaperone activating DnaK for terminal organelle maturation (Cloward and 
Krause, 2011, Cloward and Krause, 2010, Cloward and Krause, 2009). Following the 
J-domain, MG200 and TopJ proteins have an Enriched in Aromatic and Glycine Residues 
(EAGR) box (Balish et al., 2001). EAGR boxes have been found exclusively in the terminal 
organelle proteins MG200, MG312 and MG386 in M. genitalium and the corresponding 
orthologues TopJ, HMW1 and P200 in M. pneumoniae (Balish et al., 2001). Mutants of 
both EAGR boxes in MG312 and MG200 proteins interfere in cell motility confirming a 
relevant contribution of this box in the gliding mechanism. Crystals of MG200 EAGR box 
(Gln149 to Glu203) revealed a new protein fold (Calisto et al., 2012). This structure consists 
in three antiparallel β-sheets (β1-β6-β5) flanked by the helix α1 that bury an hydrophobic 
core including most of the aromatic residues. Strands β5-β6 form a hairpin that is similar in 

Fig.2.1. Crystal structure of MG200 
EAGR box. (A) Cartoon representation. 
(B) Scheme of the subunit topology with 
helices depicted as light blue cylinders 
and β-strands as dark blue arrows.
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sequence and structure to β3-β4 hairpin. While the first hairpin is involved in dimerization, 
β3-β4 hairpin is solvent exposed and highly reactive, suggesting that EAGR boxes can be 
a platform for interactions. MG200 and TopJ EAGR boxes are followed by an Acidic and 
Proline Rich (APR) domain and a long C-terminal domain. APR is also present in the other 
EAGR-containing proteins as well as in MG317 and MG217 proteins and in the respetive 
orthologues HMW3 and P65 of M. pneumoniae (Balish et al., 2001). The function of both 
APR and C-terminal domain in TopJ protein are still unclear, but are needed for the correct 
localization of TopJ protein, having a strong effect in gliding motility (Cloward and Krause, 
2010).

Protein MG491 from M. genitalium has also been studied in vitro using structural biology 
approaches. Crystal structure of the central fragment from Asn67 to Ala203 has been 
recently solved (Martinelli, Submitted). Both in crystals and in solution, MG491 forms a 
tetramer organized as an homodimer of heterodimers. Each monomer folds into an 
antiparallel three-helix-bundle (α1-3) with α1 and α2 helices connected by an small loop L1, 
while a longer and more flexible loop L2 connects α2 and α3 helices (Fig. 2.2). Helix α1 is 
kinked in its central part due to the presence of a π-helix turn that starts in Cys87 residue.

Two tight dimers are formed between A – D and B – C subunits (Fig. 2.3A). The two 
subunits of the dimer have a contact surface of 1 183 Å2 (tight interface) and are related 
by a 72º rotation axis. Subunits A – B and C – D interact to form the final tetramer with an 
average interface area between subunits of 530 Å2 (loose interface). The loop L2 presents 
two different conformations (Fig. 2.3B), one present in subunits A and C, and the other in 
subunits B and D, and are related with its involvement in the tight or the loose interface. 
The interactions of the residues in L2 with the residues of other monomers are different in 

Fig. 2.2. Crystal structure of MG491 from residues 67 to 203. (A) MG491 monomer coloured as 
follow: helix α1, α2 and α3 and loops L1 and L2 in blue, green, red, cyan and yellow, respectively.  
(B) Scheme of the subunit topology with helices depicted as red cylinders. (C) Quaternary structure 
of the MG491 tetramer showing the 72º rotation between subunits of the tight dimer and the 180º 
relation between dimers. Adapted from Martinelli L. et al (Unpublished).
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subunits A – C from subunits B – D, due to the conformational differences in this loop. In 
subunits B and D, residues Gln155, Phe157 and Phe158 face the other subunit in the tight 
dimer and become part of the tight interface. In subunits A and C, L2 face the other tight 
dimer, being involved in the loose interface.

It is also noteworthy that Cys87 in α1 helices of monomers A and C are located close in 
the quaternary structure at both sides of the symmetric interface (Fig. 2.3A). The eventual 
formation of a disulphide bond in these monomers would prevent the π-helix turn formation 
by promoting an α-helix turn and stabilizing in this way the overall structure. However, 
the cysteines are not participating in disulphide bonds in the crystal structure due to the 
presence of reducing compounds in the crystallization conditions. Some in vitro assays 
have suggested that half of the protein monomers in solution are linked by disulphide bonds 
(Martinelli, Submitted), which is in agreement with the formation of a disulphide bond only 
between the Cys87 of A and C subunits.

An interaction between the wheel-like complex proteins MG200 and MG491 was identified 
by SPR with a KD arround 80 nM. The implication in the interaction of the MG200 EAGR box, 
which was predicted to be a platform for protein-protein interactions, was also confirmed by 
SPR (Fig 2.4). MG491 protein was found to interact with this domain through a 25 residues 
peptide T298-P322 (peptide_1) located at the C-terminal end. The sequence of this peptide 
is TDLKKQQKKKPLNFITRPVFKSNLP. NMR was used to examinate the CSPs ocurring in 
the HSQC spectra of the 15N-EAGR box when titrated with increasing concentrations of 
MG491 protein. This allowed to determine the residues from the MG200 EAGR box that 
interact in the complex (Fig 2.4). Surprisingly, MG491 peptide_1 does not interact with the 
solvent-exposed β3-β4 hairpin from EAGR box, but interacts with the N-terminal end of the 
domain including the solvent-exposed face of helix α1 and strand β2, which are part of the 
dimerization interface. 

Fig. 2.3. Organization of MG491 monomers (A) Quaternary structure of MG491 tetramer. Subunits 
A-D and B-C are organized in tight dimers, respectively, and are confronted with the opposite dimer 
by loose interfaces. Loops L2 in loose interfaces are circled in blue, loops L2 in tight dimers are 
circled in dark red. (B) Different L2 conformations in the A subunit, at the loose interface, and in the 
D subunit, at the tight interface.
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The work in the present study focuses on the biological relevance of the structural information 
available for MG491 protein. To this end, five different mutant strains of M. genitalium were 
obtained and examined for the presence of defects in terminal organelle structure and 
function. Our results revealed that besides being involved in terminal organelle assembly, 
MG491 protein has a pivotal role in gliding motility and in the anchorage of the terminal 
organelle to the main cell body. Furthermore, we have identified key regions in MG491 
protein that are involved in each of these functions.  As a result, and for the first time, 
we have obtained significant information relating the structure and function of a terminal 
organelle protein.

Fig. 2.4. Interaction between MG200 EAGR box and MG491 peptide_1. (A) SPR sensorgrams of 
100 nM MG491 and 100 nM MG491-Nt (residues 1-308) injected over the MG200-immobilized flow 
cell. (B) SPR sensorgrams of 40 nM MG200 and 40 nM MG200ΔEAGR box injected over the MG491 
peptide_1 flow cell. (C) Superimposition of 1H, 15N HSQC spectra of MG200 EAGR box at 1:0 (black), 
1:3.5 (red) and 1:7 (blue) MG200 EAGR box/MG491 peptide_1 ratios. Labeled residues show an 
average CSP higher than 0.03 ppm.
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Results

Part 1: Characterization of mg491-Δp1 strain
	 1.1. Isolation of mg491-Δp1 mutant strain

A M. genitalium mutant strain lacking the C-ter peptide_1 (Δp1 mutation) involved in the 
interaction with the EAGR domain of MG200 protein was enginereed by targeted gene 
replacement, by using the vector p∆p1cat (Fig. 2.5A). Since MG_491 overlaps the 5’ end of 
MG_219, chloramphenicol acetyl tranferase (cat) gene marker was placed at the 3’ end of 
MG_219 gene in p∆p1cat. This design, which was aimed to avoid polar effects on MG_219 
gene, may result in a high background of non-mutant clones after the transformation 
experiments (Fig. 2.5A, dashed lines). For this reason, a PCR-based screening was 
designed to test the presence of the Δp1 mutation among the transformant colonies. Three 

Fig. 2.5. Engineering of mg491-pΔ1cat mutant strain. (A) Possible crossover events between the WT 
G37 genome and the pΔp1cat plasmid. Solid lines indicate crossover events resulting in the deletion 
of peptide_1 coding region and in the insertion of cat gene. Dashed lines indicate a crossover event 
resulting also in the insertion of cat gene but not in the deletion of peptide_1. (B) Screening of 
pΔp1cat transformant colonies by PCR using genomic DNA as template. The deletion of the region 
coding for peptide_1 was identified by the presence of a PCR smaller than that of the WT strain 
(clones 1, 4, and 9). (C) Western blot analysis of G37 WT and Δp1 clones 1, 4, 8, and 9 using a 
polyclonal antiserum against the M. pneumoniae P41 protein. Clones 1, 4, and 9 show a shift in the 
MG491 band, consistent with the deletion of the 25 residues of the peptide_1. Clone 8 was analyzed 
as control of a non-mutagenic recombination. (D) Protein profile of G37 WT and transformant clones 
1, 4, 8 and 9. Normal amounts of the TO proteins MG386, MG312, MG218 and P140 and P110 
adhesins were detected in clones 1, 8 and 9. Clone 4 shows reduced levels of P140 and P110 adhesins.



Luis García Morales

52

out of the eight recovered clones showed a PCR fragment consisten  t with the deletion of the 
75-bp fragment corresponding to the peptide_1 coding sequence (Fig. 2.5B). The presence 
of the intended mutation in these clones was further confirmed by direct sequencing of 
MG_491 gene. Finally,   a Western Blot analysis of the three recombinant clones using 
anti-P41 antiserum showed a shift in the electrophoretic mobility of the MG491 protein 
band also confirming the presence of the mutation (Fig. 2.5C). Protein profiles of pΔp1cat 
transformants were examined by SDS-PAGE (Fig. 2.5D) and no differences were found in 
the amounts of the terminal organelle-related proteins MG200, MG218, MG312, MG317 
and MG386 or the P110 and P140 adhesins. Cells from clone 4 showed reduced levels of 
the P110 and P140 adhesins, suggesting that this clone had additional mutations and was 
discarded. Clone 1 was selected for further analysis and named mg491-Δp1. To discard 
the presence of polar effects on the expression of MG_219 downstream gene, a Western 
Blot using policlonal anti-MG219 antibodies was performed. Cells from mg491- Δp1 strain 
exhibited a similar amount of MG219 than WT cells, demonstrating that the Δp1 mutation 
has no impact on MG219 expression (Fig 2.6A).

	 1.2. Complementation assay of mg491-Δp1 mutant strain

We engineered a pMTnGmMG491 plasmid carrying a mini-transposon with a WT copy of 
the MG_491 gene under the control of MG_438 promoter and the gentamycin resistance 
gene. This plasmid was electroporated into cells of mg491-Δp1 strain and one transformant 
colony, named mg491-Δp1TC6, was selected for phenotype analysis. This strain possess 
the mutated and the WT alleles of MG_491 gene and the two variants of the protein were 
expressed at the same level (Fig. 2.6B). The mg491-Δp1TC6 strain was used to confirm 
that the mg491-Δp1 phenotype can be complemented in the presence of the WT MG_491 
allele.

		

		

		

		

		

		

	 1.3. Gliding motility and cell morphology of mg491-Δp1

The motile properties of the mg491-Δp1 and mg491-Δp1TC6 cells were investigated by 
time-lapse microcinematography. The frequency of motile cells, the mean gliding velocity, 
and the diameter of the circular tracks were compared with those of G37 WT cells (Fig. 
2.7, Table 2.1). The mean velocity and the ratio of motile cells from the mg491-Δp1 strain 

Fig. 2.6. Confirming the phenotype of the ∆p1 mutation. (A) 
Western blot using MG219 polyclonal antibodies of G37 WT and 
mg491-∆p1 clones 1 and 9 showing the same amount of MG219 
protein. The ∆p1 mutation has no polar effects in the expression of 
MG_219 gene. (B) Western blot using P41 polyclonal antibodies of 
G37 WT, mg491-∆p1 and mg491∆p1TC6 showing the expression 
of a shorter MG491 in mg491-∆p1 and both full-length and shorter 
MG491 in mg491-∆p1TC6 cells.
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were similar to those found for WT cells. However, a significant reduction in the diameter 
of the circular tracks performed by mg491-Δp1 motile cells was found. In contrast, mg491-
Δp1TC6 cells draw wider tracks showing a recovery of the diameter of the circular tracks to 
WT levels.  

Many mycoplasmas, including M. genitalium, have curved terminal organelles and draw 
circular tracks (Hatchel and Balish, 2008). It is described that the curvature of M. genitalium 
terminal organelle correlates well with the diameter of the circular tracks (Burgos et al., 
2008). Hence, the presence of cells showing altered patterns of gliding motility in mg491-Δp1 
strain prompted us to investigate the cell and terminal organelle morphology by scanning 
electron microscopy. Although no significant differences were found in the terminal organelle-
cell body axis angle between cells of the three strains, it was noticeable the presence 
of cells showing bipartite cell bodies in mg491-Δp1 strain. These cells exhibited a strong 
curvature inside the cell body, probably reflecting the presence of changes in the structure 
of the cytoskeleton (Fig. 2.8, Table 2.2). These bipartite cells provide an explanation to 
the narrow tracks drawn by cells of m491-Δp1 strain. Micrographs of mg491-Δp1 strain 
suggest that terminal organelles in bipartite cells are not well attached to the main cell body 
and form prominent protrusions, which are in many cases dramatically retracted onto the 
cell body. It was also noticeable the presence of a significant amount of minute cells with 
a size <0.35 μm. Minute cells are very uncommon in G37 WT cells and are thought to be 
terminal organelle detachments from the cell body. These terminal organelle detachments 

Fig. 2.7. Gliding motility of G37 WT, mg491-Δp1 and mg491-Δp1TC6 cells. (A) Representative tracks 
of M. genitalium G37 WT cells. (B) Representative tracks of mg491-Δp1 cells. (C) Representative 
tracks of mg491-Δp1TC6. Bar is 5 µm.

Strain
Percentage of 
motile cells (%)

Velocity (µm/s) a
Diameter of circular 

tracks (µm) a

G37 WT 85.0 0.125 ± 0.002 1.05 ± 0.02

mg491-Δp1 78.2 0.124 ± 0.004 0.81 ± 0.03*

Δp1TC6 80 0.128 ± 0.010 1.05 ± 0.04

Table 2.1. Gliding parameters of G37 WT, mg491-Δp1 and mg491-Δp1TC6 cells.

a Values shown include  S.E.
* Statistical difference with G37 WT cells (p-value < 0.05).
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were originally described in the MPN311 mutant of M. pneumoniae, which is a null mutant 
for the MG491 orthologue protein, P41 (Hasselbring and Krause, 2007a). In the mg491-
Δp1 mutant strain, minute cells could be originated also as detachments of the terminal 
organelle. Accordingly, many motile minute cells were detected in microcinematographies. 
The frequence of bipartite and minute cells was strongly reduced in mg491-Δp1TC6 strain, 
but did not reach G37 WT amounts (Fig. 2.8, Table 2.2), indicating that the reintroduction of 
WT MG_491 allele does not fully complement the mutant phenotype. This is probably due 
to the presence of both WT and mutated forms of MG491 protein in this strain.

Part 2: Characterization of mg491-C87S strain

To assess the importance of the Cys87 in MG491 function and to find out the role of an 
eventual disulphide bond in the quaternary MG491 structure, we engineered a mutant 
strain of M. genitalium with a Cys87→Ser mutation in this protein. This change represents a 
single atom mutation (sulfur by oxygen) in MG491 protein. The mutant strain was obtained 
by ramdon transposon insertion of the mutated allele in the Δmg491 null strain lacking 

Fig. 2.8. Cell morphology of G37 WT, mg491-Δp1 and mg491-Δp1TC6 cells. (A,D,E) SEM micrograph 
of G37 WT cells. (B,F,G) SEM micrographs of mg491-Δp1 cells. (C,H,I) SEM micrographs of mg491-
Δp1TC6 cells. Bar is 2 µm in A and 1 µm in D.

Strain TO-Body axis angle 
(degrees)a Bipartite cells (%) Minute cells (<0.35μm) (%)

G37 WT 136 ± 2 2 1

mg491-Δp1 142 ± 2 21* 17.5*

Δp1TC6 cells 142 ± 2 8 4

a Values shown include  S.E.
* Statistical difference with G37 WT cells (p value < 0.05).

Table 2.2. Cell morphology of G37 WT, mg491-Δp1 and mg491-Δp1TC6 cells. 
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the MG_491 gene (chapter 1). The Δmg491-mg491cat strain (chapter 1) was used as 
control because also has a WT allele of MG_491 gene randomly inserted by transposition 
in the Δmg491 null strain. One transformant colony with pMTncatC87S suicide plasmid 
was randomly selected and named mg491-C87S. The transposon insertion was examined 
and was found disrupting the MG_414 locus, which codes for an hypothetical protein not 
involved in gliding motility or terminal organelle organization (Glass et al., 2006).

Strain mg491-C87S expressed the MG491-C87S mutant protein, but the protein amount 
was below the levels of the WT allele when compared by Western Blot (Fig 2.9B). In contrast, 
the amount of MG491 in Δmg491-mg491cat was very similar to the amount of this protein 
in WT cells. This suggests that Cys87 is involved in MG491 stability or folding. Interestingly, 
the low levels of many terminal organelle proteins reported in Δmg491 strain (chapter 1) 
were fully restored upon introduction of the mg491-C87S allele (Fig. 2.9A), indicating that 
the Cys87 is not required for the stability of the terminal organelle proteins and that the 
reduced amounts of MG491 protein in this strain are enough to restore this function.

In agreement with the rescue of the full complement of terminal organelle proteins, the 
characteristic flask-shape morphology of M. genitalium cells (Fig 2.10A) was also recovered 
in mg491-C87S strain, which also showed a normal terminal organelle ultrastructure as 
revealed by Cryo-EM (Fig. 2.10B). However, an increased frequency of cells bearing 
multiple terminal organelles (12.5%) when compared to G37 WT cells (4.9%) was detected 
by SEM. The development of terminal organelles is synchronized with cell division in many 
mycoplasmas (Seto et al., 2001, Hasselbring et al., 2006a, Bredt, 1968, Pich et al., 2008), 
in a process that is highly dependent on gliding motility (Pich et al., 2009, Hasselbring et 
al., 2006a, Lluch-Senar et al., 2010). For this reason, many previously isolated mutant 
strains of M. genitalium with gliding deficiencies also show the presence of multiple terminal 
organelles (Lluch-Senar et al., 2010, Pich et al., 2009). Time-lapse microcinematographies 
of mg491-C87S cells confirmed the existence of gliding motility deficiencies characterised 

Fig. 2.8. Protein profile of M. genitalium G37, 
∆mg491-mg491cat and mg491-C87S strains. 
(A) SDS-PAGE showing a full recovery of 
the main terminal organelle proteins in both 
mutant strains. (B) Western Blot using anti-P41 
antiserum showing reduced levels of MG491 
protein in mg491-C87S.
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by the presence of a low number of motile cells (19%) and a decreased mean velocity of 
gliding cells (0.098 µm s-1, Table 2.3). However, the frequency of motile cells is more altered 
than the mean velocity or the number of cells bearing multiple terminal organelles. When 
examining time-lapse cinematographies of G37 WT cells, around 18% of the motile cells 
show one or more resting periods. These resting periods are short and seem not to be 
related to cell division. Hence, these stopped cells are not expected to show multiple terminal 
organelles when examined by SEM. The frequency of motile cells showing resting periods 
in time-lapse cinematographies of mg491-C87S strain was 49%, indicating that the high 
frequency of non-motile cells might be a consequence of these cell division-independent cell 
stoppings. The significant increase in the amount of resting periods mg491-C87S suggests 
that MG491 has a role in the regulation of gliding motility and that Cys87 is a key residue 
for this function.

Part 3: Characterization of mg491-F157A-F158A strain

Residues Phe157 and Phe158 are pivotal for the stabilization of the quaternary structure 
of MG491 protein and the two benzyl side chains can adopt two conformations in the 
different MG491 monomers. To find out the biological significance of this, we engineered 
a mutant strain with the two Phe substituted to Ala, to remove both benzyl side chains. 
To this purpose, the two codons TTT coding for Phe157 and Phe158 were substituted by 
two codons GCT coding for Ala. This mutant strain was obtained by ramdon transposon 
insertion of the mutated allele in the Δmg491 null strain lacking the MG_491 gene (chapter 
1). The Δmg491-mg491cat strain (chapter 1) was used also as control. One transformant 
colony with pMTncatF157A-F158A suicide plasmid was randomly selected and named 
mg491-F157A-F158A. The transposon insertion was found to disrupt the MG_032 gene, a 
conserved hypothetical protein not involved in the terminal organelle structure and function 
(Glass et al., 2006).

Fig. 2.10. (A) SEM micrograph showing the 
multiple terminal organelle phenotype of M. 
genitalium mg491-C87S cells. White arrows 
point multiple TO cells. Bar is 1 µm. (B) Cryo-
EM image of an mg491-C87S cell showing a 
normal cytoskeleton. Bar is 0.2 µm.



57

C
ha

pt
er

 2

The transposon delivery of the mg491-F157A-F158A allele resulted in a full restoration of 
MG491 protein levels (Fig. 2.11A). The protein levels in the main terminal organelle proteins 
were also restored in mg491-F157A-F158A strain (Fig. 2.11B). This indicates that the two 
Phe mutations in this strain do not affect the stability of the MG491 protein or the whole 
terminal organelle. 

Accordingly, these cells recovered the WT morphology and the terminal organelle 
ultrastructure (Fig 2.12). Even the frequence of cells bearing multiple terminal organelles 
(5.5%) was also similar to that found in G37 WT strain (4.9%). However, EM studies on this 
strain revealed the presence of a large amount of cells (13.6%) with sizes smaller than 0.35 
µm (Fig. 2.12A). These minute cells are similar to those found in M. pneumoniae MPN311 
mutant strain (Hasselbring and Krause, 2007a) and in the M. genitalium mg491-∆p1 strain. 
Given these similarities, minute cell are thought to be consequence of terminal organelle 
detachments from the cell body, reinforcing the idea that MG491 has a role in the anchoring 
of the terminal organelle in a similar way as its M. pneumoniae ortholog protein P41.  

Fig. 2.11. Protein profile of M. genitalium 
G37, ∆mg491-mg491cat and mg491-F157A-
F158A strains. (A) SDS-PAGE showing 
a full recovery of the main TO proteins in 
both mutant strains. (B) Western Blot using 
anti-P41 antiserum showing steady-state 
levels of MG491 in the mutant strains.

Fig. 2.12. (A) SEM micrograph showing the 
flask-shaped morphology of M. genitalium 
mg491-F157A-F158A cells. White arrow points 
a minute cell. Bar is 1 µm. (B) Cryo-EM image 
of an mg491-F157-F158A cell showing a normal 
electron-dense core. Bar is 0.2 µm.
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Strain mg491-F157A-F158A did not exhibit deficiencies in gliding motility. The frequency of 
non-motile cells in this strain (80.7%) was similar to the frequency of non-motile cells in the 
G37 WT cell population (85%). Also the velocity of mg491-F157A-F158A cells (0.100 µm 
s-1) represented the 83% of the velocity of G37 WT cells. This phenotype is in agreement 
with the low frequency of mg491-F157A-F158A cells bearing multiple terminal organelles.  

Part 4: Characterization of mg491-∆loopL2 strain

As described before, the loop L2 has a pivotal role stabilizing the MG491 quaternary 
structure and adopt two conformations in the different monomers. To further investigate the 
role of loop L2 in the function of MG491 protein, we engineered a mutant strain lacking the 
residues N155-K160. This mutant strain was obtained as by ramdon transposon insertion 
of the mutated allele in the Δmg491 null strain lacking the MG_491 gene (chapter 1). The 
Δmg491-mg491cat strain (chapter 1) was used also as control.

One colony obtained after transform pMTncat∆loopL2 suicide plasmid in ∆mg491 cells was 
selected and the transposon insertion was determined. Transposon insertion was located at 
3’ end of MG_460 gene coding for L-lactate dehydrogenase. Usually, transposon insertions 
close to the 3’ end of a gene are not considered to disrupt gene function (Glass, 2006). This 
clone was named mg491-∆loopL2 and used for phenotype examination. The protein levels 
of MG491 were restored in mg491-∆loopL2 strain (Fig. 2.13B), suggesting that defects in 
quaternary structure caused by the deletion in loop L2 do not affect the stability of MG491 
monomers. Also, the levels of terminal organelle proteins showed a recovery in this strain 
were very similar to those found in WT cells (Fig. 2.13A).

One colony obtained after transform pMTncat∆loopL2 suicide plasmid in ∆mg491 cells was 
selected and the transposon insertion was determined. Transposon insertion was located at 
3’ end of MG_460 gene coding for L-lactate dehydrogenase. Usually, transposon insertions 

Fig.  2.13. Protein profile of M. genitalium G37, 
∆mg491-mg491cat and mg491-∆loopL2 strains. 
(A) SDS-PAGE showing a full recovery of the main 
TO proteins in both mutant strains. (B) Western 
Blot using anti-P41 antiserum showing normal 
levels of MG491 in the mutant strains.
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close to the 3’ end of a gene are not considered to disrupt gene function (Glass, 2006). This 
clone was named mg491-∆loopL2 and used for phenotype examination.

The protein levels of MG491 were restored in mg491-∆loopL2 strain (Fig. 2.13B), suggesting 
that defects in quaternary structure caused by the deletion in loop L2 do not affect the 
stability of MG491 monomers. Also, the levels of terminal organelle proteins showed a 
recovery in this strain were very similar to those found in WT cells (Fig. 2.13A).

Electron microscope analysis of mg491-∆loopL2 cells showed the presence of normal 
terminal organelles (Fig. 2.14). However, the frequency of cells bearing multiple terminal 
organelles was found unusually high (26.2%) when compared to G37 WT cells (4.9%). As 
described for mg491-C87S, this multiple terminal organelle phenotype is correlated with the 
presence of gliding motility deficiencies. By time-lapse microcinematography, only 29.6% of 
mg491-∆loopL2 cells were found motile and the mean velocity of the motile cells was highly 
reduced (0.033 µm s-1) when compared to G37 WT.

Part 5: Characterization of mg491-∆Nt strain

MG491 N-ter domain shows a high identity with N-ter end of M. pneumoniae P41 protein. 
The crystal structure of this domain is still unsolved. To have a complete characterization 
of the MG491 protein, we were interested in the function of the N-ter domain of MG491. 
To this purpose, we engineered a mutant strain with a deletion of residues Met1-Gln61 by 
random transposon delivery of the mutated allele in the ∆mg491 null mutant strain (chapter 
1). Strain Δmg491-mg491cat was used as control.

The mutated allele was obtained by PCR amplification of the C-terminal of MG_491 gene 
from M. genitalium genome. The amplicon was excised and cloned into a pMTncat plasmid 
and the resulting pMTncat∆Nt was electroporated into ∆mg491 cells. Transposon insertion 
of one transformant colony was examined and found to disrupt the MG_414 gene, which is 

Fig. 2.14. (A) SEM micrograph showing the 
multiple TO phenotype of M. genitalium mg491-
∆loopL2 cells. White arrows point cells with 
multiple terminal organelles. Bar is 1 µm. (B) 
Cryo-EM image of an mg491-∆loopL2 cell 
showing a normal cytoskeleton. Bar is 0.2 µm.
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coding for a conserved hypothetical protein not involved in terminal organelle structure and 
function (Glass et al., 2006). This clone was named mg491-∆Nt.

The introduction of pMTncat∆Nt   transposon in ∆mg491 cells restored the expression of 
MG491 to WT levels (Fig. 2.15B). The Western blot using anti-P41 polyclonal antibodies 
showed a protein band with a molecular weight consistent with the presence of the intended 
deletion (Fig. 2.15B). However, the main terminal organelle proteins showed reduced levels 
similar to those found in the parental ∆mg491 strain (Fig. 2.15A, chapter 1). This result 
confirms that MG491 has an important role in the stability of the terminal organelle, and 
indicates that its N-ter domain is essential for this function.

Cells from mg491-∆Nt cells showed a filamentous morphology when examined by SEM 
(Fig. 2.16A) similar to that exhibited by ∆mg491 cells (chapter 1). In agreement with the low 
amounts of terminal organelle proteins, a few filaments end with a structure resembling the 
terminal organelle (Fig. 2.16A, arrow). Cryo-EM images showed no cytoskeletal structures 
inside the filaments of mg491-∆Nt strain (Fig. 2.16B). Similar to ∆mg491 cells, standard 2 
min time-lapse microcinematographies of mg491-∆Nt strain did not show motile cells. All 
these results taken together suggest that N-ter domain of MG491 is essential for protein 
function.

Fig. 2.15. Protein profile of M. genitalium G37, 
∆mg491-mg491cat and mg491-∆Nt strains. (A) 
SDS-PAGE showing reduced levels of MG312, 
MG218, P140 and P110 in mg491-∆Nt strain. (B) 
Western Blot using anti-P41 antiserum showing 
normal levels of MG491 in the mutant strains and the 
shorter version of this protein in mg491-∆Nt strain.

Fig. 2.16. (A) SEM micrograph showing the 
filamentous morpholoy of M. genitalium mg491-
∆Nt cells. White arrow points a cell filament ending 
in a terminal organelle-like structure. Bar is 1 µm. 
(B) Cryo-EM image of an mg491-∆Nt cell showing 
the absence of internal cytoskeleton. Bar is 0.2 µm.
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Discussion

Because of the wide range of biological functions associated with the terminal organelle 
of mycoplasmas, this structure has been considered to play a central role in the lifestyle 
and pathogenesis of these microorganisms. Protein MG491 is required for the assembly 
of the M. genitalium terminal organelle (chapter 1), but its particular functioning in gliding 
motility has not been characterized yet. In this work, we have taken advantage of the current 
structural data obtained from MG491 protein to generate several M. genitalium strains with 
mutations in key residues and regions of this protein. Our results reveal that MG491 is a 
multitask protein required for proper terminal organelle functioning.

M. genitalium MG491 protein shares a high sequence identity (54%) with the M. pneumoniae 
P41 protein, located at the wheel-like complex. However, P41 is not required for the assembly 
of the M. pneumoniae terminal organelle (Hasselbring and Krause, 2007a). Surprisingly, 
our results suggested that the N-ter domain of MG491, which is strongly conserved in P41 
(56% of sequence identity), is essential for terminal organelle assembly. The lack of N-ter 
domain in MG491 might also alter the folding and/or proper localization of this protein in 
mg491-∆Nt cells, which would lead in a terminal organelle destabilization as observed in a 
MG491 null mutant strain.

P41 protein is involved in anchoring the M. pneumoniae terminal organelle and a null mutant 
strain for this protein showed terminal organelles detaching from the cell body (Hasselbring 
and Krause, 2007a). Strains mg491-∆p1 and mg491-F157A-F158A revealed that MG491 
protein is also responsible for the anchoring of the terminal organelle to the cell body of 
M. genitalium. These mutant variants were designed to impede the interaction between 
MG491 and MG200 proteins or hinder the quaternary organization of MG491, respectively. 
The mutations in these strains did not lead to severe motility deficiencies, but many isolated 
terminal organelles were detected in both strains. Minute cells similar to these detached 
terminal organelles were also detected in M. genitalium MG491 and MG218 null mutant 
strains when motility of these strains was partially restored upon introduction of an extra copy 
of MG_318 gene (chapter 1). These observations suggest that an accurate transmission of 
the movement generated at the terminal organelle to the cell body by the rod and wheel-like 
structures is needed to prevent terminal organelle detachments. In particular, our results 
propose that MG218 protein at the rod and MG491, together with MG200 at the wheel-like 
complex, are the major determinants for this function.

The role of MG491 in gliding motility could not be determined when examining cells from 
MG491 null mutant strain because of the presence of extensive downstream events in most 
of the terminal organelle proteins (chapter 1). The MG491 crystal structure has revealed a 
unique monomer organization. Loop L2, a small fragment of 20 residues, is involved in the 
interactions between the interfaces of the different subunits. We designed a M. genitalium 
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mutant strain with a deletion of six key residues from MG491 loop L2 in order to disrupt 
the MG491 quaternary interactions. Cells from mg491-∆loopL2 strain exhibited significant 
gliding motility deficiencies, but this mutation did not lead to downstream events on other 
terminal organelle proteins or defects in the assembly of the terminal organelle overall 
structure. These results reveal an active role of MG491 protein in gliding motility similar to 
other M. genitalium wheel-like complex proteins such as MG200, MG386 and MG219 (Pich 
et al., 2006; Calisto et al., 2012; L. González-González et al., unpublished). 

Gliding motility was also found affected when examining cells from the mg491-C87S mutant 
strain with a Cys87Ser substitution. Cells from this strain exhibited WT levels of all terminal 
organelle proteins and also showed normal cytoskeleton architecture, but the frequency of 
motile cells was found significantly reduced. Gliding motility is involved in the segregation of 
the terminal organelles to opposite poles during cell division and in cytokinesis (Hasselbring 
et al., 2006a; Seto et al., 2001, Pich et al., 2009, Lluch-Senar et al., 2010). In this way, gliding 
motility defects often result in the presence of cells bearing multiple terminal organelles 
probably as consequence of the long cytokinesis undergone by these cells (Pich et al, 2009, 
Lluch-Senar et al., 2010). However, the frequency of non-motile cells and the frequency of 
cells bearing multiple terminal organelles were not well correlated in mg491-C87S strain. 
Similar to M. pneumoniae, M. genitalium cells exhibit resting periods of different lengths 
and frequency (Radestock and Bredt, 1977; Pich et al., 2006; Calisto et al., 2012). The 
origin of these resting periods is unknown and they might be consequence of a temporal 
limitation in the energy sources. Alternatively, the regulatory mechanisms that stop gliding 
motility in dividing cells (Hasselbring et al., 2006a) could also be in the origin of these 
resting periods. The low frequency of cells showing multiple terminal organelles suggest 
that the high frequency of non-motile cells in mg491-C87S strain is probably the result 
of long resting periods exhibited by the cells of this strain. Interestingly, the frequency of 
cells showing resting periods was similarly increased in the M. genitalium mutant strains 
lacking the EAGR box from MG200 (Calisto et al, 2012), being the EAGR box from MG200 
responsible of the interaction with MG491 Ct peptide_1. This suggests a close relationship 
between the resting periods and the interactions among both proteins.

It is noteworthy that the severe gliding motility defects in mg491-C87S mutant strain are 
consequence of a mutation in a single residue and suggest a major role for Cys87 in MG491 
monomers. Cysteine residues might act as molecular switches in protein function because 
the redox state of thiol groups can be reversed by different ways (Lipton et al., 2002; Loi 
et al., 2015, Leichert and Jacob, 2004). Although cytoplasm is normally reduced due to 
the presence of low molecular weight thiols (e.g. cysteine) and enzymatic oxidoreductases 
(Fahey et al. 2013; Loi et al., 2015; Das et al., 2012), some events, such us the release 
of reactive oxygen species (ROS) by the host’s innate immune response, might lead to 
an oxidative stress (Zhang and Baseman, 2014, Pritchard and Balish, 2015). Cysteine 
thiol groups can be easily oxidized by the presence of ROS, reactive electrophile species 
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(RES) and reactive nitrogen species (RNS) generated during oxidative stresses. Common 
modifications include oxidation to sulfenic acid, S-nitrosylation or formation of a disulfide 
bond (Lipton et al., 2002). Recently, it has been reported that cysteine residues from many 
bacterial proteins –such as OxyR from Salmonella typhimurium, rsrA from Streptomyces 
coelicolor or Spx and ohrR from Bacillus subtilis– are modified as a consequence of oxidative 
stress, normally by the formation of a disulfide bond or by oxidation to sulfenic acid. These 
modifications act as ‘redox switches’ in protein function being sensors of oxidative stress. 
These oxidized proteins can activate the transcription of genes involved in oxidative stress 
response, including those encoding for peroxidases or thioredoxin reductases (Antelmann 
and Helmann, 2011; Giles, 2003). The presence of a single Cys residue in MG491 raises 
the possibility that the activity of this protein could be regulated. The formation of a disulfide 
bond between two subunits in MG491 oligomer promotes the transition of the π-helix turn 
into a more stable α-helix turn. Since cells form mg491-C87S mutant strain showed a high 
frequency of resting periods, it is tempting to propose that disulfide formation could act 
as a switch in gliding motility and suggest that the oxidative stress might be an important 
regulator of gliding motility.

Gliding motility also ceases and reinitiates during cell division in a coordinated way 
(Hasselbring et al., 2006a; Seto et al., 2001), suggesting that mycoplasmas possess a 
regulatory mechanisms for gliding motility. In fact, it has been suggested that P41 may 
co-ordinate gliding cessation in M. pneumoniae (Hasselbring and Krause, 2007a). It is 
noteworthy that P41, as well as other proteins of the terminal organelle such as HMW1, 
HMW2 and P1, are phosphorylated by protein kinase C PrkC and dephosphorylated by the 
protein phosphatase PrpC (Schmidl et al., 2010, Page and Krause, 2013). In this way, PrkC 
mutants exhibit gliding motility deficiencies while PrpC mutant show an enhanced motile 
properties (Page and Krause, 2013). This suggests that gliding motility in M. pneumoniae is 
regulated by phosphorylation of some of the terminal organelle proteins, probably including 
P41. In M. genitalium, MG491 is a good candidate to be a modulator of gliding motility by 
both phosphorylation and disulfide bond formation. However, the phosphorylation status of 
MG491 has not been determined yet. 

In conclusion, this work provides a substantial insight into the role of MG491 in the structure 
and function of the M. genitalium terminal organelle. Besides being a fundamental component 
of the terminal organelle structure, this protein promotes the motility of these cells and 
anchors the terminal organelle to the cell body. Finally, the presence of several residues 
with a potential regulatory role makes this protein an excellent candidate to integrate the 
signals from different biological processes and to provide a response by modulating the 
gliding motility of mycoplasma cells.
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This work has been published in:
García-Morales L, González-González L, Costa M, Querol E, Piñol J (2014) 
Quantitative Assessment of Mycoplasma Hemadsorption Activity by Flow 
Cytometry. PLoS ONE 9(1): e87500. doi:10.1371/journal.pone.0087500

In the experiment presented in this study, three different populations need to be distingui-
shed. First, it is expected that erythrocytes show high values for FSC and SSC, but a low 
fluorescence when staining nucleic acids with SYBR green I. In contrast, mycoplasmas are 
expected to show low values for FSC and SSC due to their small size, but higher values 
for SYBR green fluorescence. Finally, erythrocytes with attached mycoplasmas must show 
high values for FSC, SSC and SYBR fluorescence.

Fig. 3.1. BD FACSCalibur Optical Path Configuration, from Da silva et al., 2012. 

Flow cytometry is a laser-based technology that allows simultaneous multiparametric 
analysis of the physical and chemical characteristics of up to thousands of particles per se-
cond. In a flow cytometer, cells are suspended in a stream of fluid and passed individually 
through some lasers and detectors. Physical characteristics of the cell particles affect light 
dispersion. Traditionally, the forward scatter (FSC) is correlated with the volume of the cell 
particle, and the side scatter (SSC) is correlated with internal complexity, but also with the 
volume of the particle. Flow cytometers also are able to detect different fluorescent molecu-
les. Hence, in a single experiment, cells can be classified by their size, by their complexity 
and by their fluorescence.

Quantitative Hemadsorption Assay for Mycoplasma 
Species Using Flow Cytometry

Chapter 3
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Introduction

Mycoplasmas are a wide group of microorganisms characterized by the absence of cell 
wall and are closely related to Gram-positive bacteria. These microorganisms possessing 
small streamlined genomes and a low number of metabolic pathways (Pollack et al., 1997) 
probably evolved as a consequence of their parasitic lifestyle. Many mycoplasmas are 
pathogens of humans and a wide range of animals, and most of them adhere to host cells in 
the first stages of infection (Rottem, 2003, Krause et al., 1982), being this step essential for 
further colonization (Razin and Jacobs, 1992). Some of these adherent mycoplasmas have 
developed highly complex polar structures assisting cells in the attachment to target tissues 
(Burgos et al., 2006, Mernaugh et al., 1993). These specialized structures also propel the 
cells when they glide across solid surfaces (Hasselbring and Krause, 2007a, Miyata, 2010) 
and have a pivotal role on virulence (Jordan et al., 2007, Krunkosky et al., 2007). 

Mycoplasma genitalium is a human pathogen that is the causative agent of non-chlamidial 
and non-gonococcal urethritis (Horner et al., 1993). Besides constituting an appealing 
model for minimal cell and synthetic biology studies, this microorganism is also an excellent 
subject to investigate the adhesion mechanisms both at molecular (Burgos et al., 2006) 
and clinical level (Ma et al., 2010, McGowin et al., 2010, Ma et al., 2012). A collection 
of M. genitalium mutants showing attachment deficiencies is now available (Pich et al., 
2008, Burgos et al., 2006) and the accurate measurement of hemadsorption (HA) activity is 
essential to obtain data about the function of the different proteins involved in cell adhesion. 
In addition, measuring the HA of the growing number of clinical isolates (Hamasuna et al., 
2007, Jensen et al., 1996) may provide important clues about the infective mechanisms of 
this microorganism. A standardized assay to quantify HA would also benefit the growing 
number of studies in many other related mycoplasmas with special relevance of those 
involved either in human or animal health. Furthermore, the use of a standardized assay in 
clinical practice would help in the prognosis of mycoplasma infections, which is especially 
relevant in infections by outbreak strains occurring worldwide (Arnal et al., 2013, Hewicker-
Trautwein et al., 2002, Spergser et al., 2013).

Different methods are currently available to quantify the HA of mycoplasmas (Miyata et al., 
2000, Pich et al., 2008, Willby and Krause, 2002). However, they are very expensive, time 
consuming or not reproducible enough to be used in standardized clinical assays. Given 
these limitations, measuring HA by an approach based in flow cytometry (FC) could be 
interesting in terms of accuracy, reproducibility and speed. However, there are relatively 
few works dealing with FC and mycoplasmas, probably because of the small size of 
mycoplasma cells that may discourage, at first glance, their analysis by FC. Despite this, 
there is an increasing number of works showing that FC is an accurate method to detect 
and quantify mycoplasma cells in broth medium (Assuncao et al., 2006b, Assuncao et al., 
2006c) or in natural samples (Assuncao et al., 2007). FC has been used also to quantify the 
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effect of several antibacterial agents (Assuncao et al., 2006a, Soehnlen et al., 2011) and 
to detect hemotropic mycoplasmas on red blood cells (RBCs) samples (Sanchez-Perez et 
al., 2013). Here we show that FC could be used to measure rapidly and accurately the HA 
activity of mycoplasmas in the presence of SYBR Green I, a vital fluorochrome that stains 
nucleic acids, allowing to resolve RBCs and mycoplasma cells by their different size and 
fluorescence. This method also permits the kinetic analysis of the obtained data, allowing a 
precise HA quantification based on standard parameters such as the dissociation constant 
Kd. An additional advantage of the kinetic analysis is the provision of a reproducible method 
to compare the HA activity of strains from different mycoplasma species.
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Results

Cell Titration and Biomass Estimation

Once stained with SYBR Green and analyzed by FC, events from mycoplasma cells were 
very heterogeneous and are enclosed in a wide zone (R1, Fig. 3.2A) of FC events. Most 
of mycoplasma cells raised events of low SSC-H and SYBR Green fluorescence values 
but there were also a variable number of cell aggregates generating events with increased 
values for both parameters. On the other hand, and in agreement with their large size, RBCs 
appear in a discrete region of events (R2, Fig. 3.2A) with high SSC-H values but a low SYBR 
Green fluorescence due to their low content of nucleic acids. To test that mycoplasma cells 
were efficiently stained with SYBR Green I, a sample of stained mycoplasmas was examined 
by phase contrast and epifluorescence microscopy showing that virtually all mycoplasma 
cells were stained with this dye (Fig. 3.3).

Fig. 3.2. Titration of mycoplasma cells and RBCs by flow cytometry.(A) Dual parameter dot plot 
of SSC-H (Side-angle-scatter) versus FL1 (SYBR Green fluorescence) showing events from a 
M. genitalium G37 population (R1 region containing 4·104 events and 8·105 arbitrary units of total 
fluorescence) and RBCs (R2 region containing 3.6·103 events). (B) Total fluorescence of the events 
in R1 region from serial dilutions of a M. genitalium culture showing a lineal distribution over a 
three log dilution range, which is indicated by dashed lines. Total fluorescence units of FL1-H were 
calculated by multiplying the FL1-H mean value by the total number of events in the analysed region.
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M. genitalium sample events in UR events in R1
Unstained 1528 (96.6%) 54 (3.4%)

SYBR Green I stained 12253 (23%) 40958 (77%)

Fig. 3.3. RBCs and mycoplasma cells are consistently stained by SYBR Green I. (A) RBCs analyzed 
in the SSC-H vs. FSC-H plot. Events were counted using the light scattering properties of RBCs. 
(B) Unstained RBCs in SSC-H vs FL1-H plot. Autofluorescence of unstained RBCs is extremely 
low and most events were found piled up in the y-axis and giving irreproducible counts. (C) SYBR 
Green I stained RBCs in SSC-H vs. FL1-H plot. RBCs, with a very small amount of nucleic acids, 
were weakly but consistently stained by SYBR Green I. When comparing values from A and C plots, 
99% of events in R2 were detected after staining with SYBR Green I. (D) Unstained mycoplasma 
cells in SSC-H vs. FL1-H plot. Unstained mycoplasmas were slightly autofluorescent and could be 
enclosed in the region UR. (E) SYBR Green I stained mycoplasmas in SSC-H vs. FL1-H plot. Stained 
mycoplasmas were enclosed in the R1 region, which includes a very heterogeneous population of 
events ranging from single cells to big aggregates. A higher amount of events were detected in the 
stained mycoplasma sample, being the number of events in R1 consistent with the number of CFUs 
detected after plating the mycoplasma suspension in SP4 agar. SYBR Green I staining also allowed 
to discriminate mycoplasma cells from the debris using a threshold on FL1. (F) SYBR Green I stained 
mycoplasma sample observed by phase contrast and epifluorescence microscopy. From 400 single 
cells and aggregates counted, only 3 cells (0.75%) showed no fluorescence, indicating that most of 
mycoplasma cells, and not only cell aggregates, are consistently stained by this procedure. Bar is 
10 µm.
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RBCs stock was tittered by counting the events showing high SSC-H values but a low 
fluorescence when stained with SYBR Green (Theron et al., 2010). However, tested 
mycoplasma cells were very prone to form cell aggregates and therefore the counting of 
the number of FC events is not a good method for assessing the biomass of these cells. 
We found that the total SYBR Green fluorescence of the mycoplasma population provides 
a better estimation of cell biomass since SYBR Green fluorescence is directly correlated 
with the amount of nucleic acids in the analyzed sample. Total SYBR Green fluorescence 
also shows a linear response spanning about three logs when examining different dilutions 
of M. genitalium cultures (Fig. 3.2B). All the mycoplasma samples used in the HA assay had 
a total SYBR Green fluorescence values among the limits of the linear region in Fig 3.2B.

FC Analysis of Mycoplasma HA 

After incubating RBCs and mycoplasma cells, it was noticeable a decrease in the total 
fluorescence of the mycoplasma region R1 and a shift to higher fluorescence values of the 
events in the RBC region R2 (Fig. 3.4A) consistent with the attachment of mycoplasmas to 
RBCs. However, it was also evident a new population of events from particles generated 
while the FC samples were incubated with mild shaking. These particles were also apparent 
even in the absence of mycoplasmas and RBCs (Fig. 3.4E) suggesting that these particles 
were derived from the mycoplasma culture medium added to the HA reaction. The size 
and the total fluorescence of this new population was very variable among different 
experiments, with events overlapping R1 and R2 regions (Fig. 3.4A) and precluding the 
accurate measurement of the fluorescence in these regions. Fortunately, events of this 
new population had an intrinsically high red autofluorescence (Fig. 3.4B) providing a way to 
discriminate them from events of mycoplasma cells, which remained grouped in a new R3 
region. Double gating of R1 and R3 regions allowed to construct new region MR containing 
only the events from mycoplasma cells (Fig. 3.4C) endowing a simple method to quantify 
in a reproducible way the total fluorescence of free mycoplasmas remaining after the HA 
reaction. Furthermore, we investigated the presence of WBCs in the RBCs stock and if 
these nucleated cells may interfere with the mycoplasma quantification in the HA assay. 
We detected a very small amount of WBCs in the preparation of RBCs, with no events 
overlapping the MR region of mycoplasma cells (Fig. 3.5) indicating that WBCs were not 
interfering the HA assay. In addition, some mycoplasma samples were also examined using 
a double staining by adding propidium iodide to quantify the frequency of dead cells. Only 
4% of mycoplasma cells were stained with propidium iodide (Fig. 3.6), indicating that most of 
cells remained viable at least for two hours in the settings used to perform the HA reaction.
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Fig. 3.4. Resolution of cell populations after the HA reaction containing RBCs, RBCs with attached 
mycoplasmas and free mycoplasmas. (A) Overview of the cell mixture in a dual plot of SSC-H 
vs. FL1-H fluorescence. R2 region includes RBCs and R1 region contains the free mycoplasmas 
after the HA reaction. The solid arrow points to an area where the debris from the culture medium 
is overlapping with mycoplasmas in the R1 region and the empty arrow indicates an area with 
debris overlapping the R2 region. (B) Dual plot of FL3-H vs. FL1-H fluorescence allowing the 
separation of the free mycoplasmas from debris due to the intrinsically high autofluorescence 
of these particles. Note that R3 region includes the free mycoplasmas after the HA reaction but 
also contains a significant fraction of RBCs with attached mycoplasmas. The arrow points to 
these RBCs with attached mycoplasmas invading the R3 region. (C) A new dual parameter plot of 
SSC-H vs. FL1-H showing only the events in R3 region finally resolves the free mycoplasmas (MR 
region) from the RBCs with attached mycoplasmas, pointed with an arrow. Total fluorescence of 
free mycoplasmas in the MR region can now be precisely quantified and used in the subsequent 
calculation of the HA parameters Kd and Bmax. (D) Sample of 50 µL of SP4 medium diluted in 1 
mL of PBSCM and stained with SYBR Green I. (E) Same sample as in (D), but incubated 40 min 
at 37ºC and end-over-end mixing before staining with SYBR Green I. This sample shows that the 
number of fluorescent particles increases dramatically upon incubation of SP4 medium with a 
significant percentage of events (13%) overlapping the mycoplasma region R1. The double gating 
strategy reduces drastically the number of events from medium particles overlapping with the 
mycoplasma region MR to 1%.
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Region Cell type Number of events 
(% of cell type)

Flow cytometry analysis of white blood cells (WBCs). Panels A, B and C.
R4 WBCs 1091 (93%)

R4b WBCs 1170 (100%)
R5 WBCs 173 (15%)

R5 and MR WBCs 4 (0.3%)
Flow cytometry analysis M. genitalium. Panel D.

MR M. genitalium G37 41991 (100%)
R5 and MR M. genitalium G37 1 (0.002%)

Flow cytometry analysis of RBCs with  SP4 medium. Panels E, F.
R4b WBCs 78 (100%)
R5 WBCs 16 (20%)

R5 and R1 WBCs 0 (0%)
R2 RBCs 141845 (100%)
R1 SP4 Debris 350

Fig. 3.5. Flow cytometry analysis of white 
blood cells (WBCs). Leukocytes from a 200 
µL blood sample were purified by standard 
procedures using ACK buffer (Bossuyt et al., 
1997) and resuspended in 0.5 mL of PBSCM. 
This stock was diluted 1:10 in PBSCM, 
stained with SYBR Green I and analyzed by 
flow cytometry (Panels A–C). In panel A, SSC 
and FSC laser settings were optimized for the 
counting of WBCs (E00 for FSC, 400 for SSC 
and lineal amplification). As expected, discrete 
populations of leukocytes were obtained in 
region R4 and a total of 1091 WBCs were 
enumerated. In panel B, the settings for SSC 
were also optimized for the counting of WBCs 
(400 for SSC) and FL1 settings were those 
used for mycoplasma detection (383 for FL1). 
A total of 1170 WBCs were detected in the 
region R4b and they exhibited very high FL1-H 
values according to their high DNA content. 
In panel C, the WBCs sample was analyzed 
using the SSC and FL1 settings optimized for 
mycoplasma detection (487 for SSC, 383 for 
FL1 and logarithmic amplification). Only 173 
events of WBCs were detected with these 
settings in region R5, which represent 15% 
of the total WBCs. From these events, 4 were 
detected into the region of mycoplasmas MR, 
representing a negligible fraction of WBCs 
population. Cell debris from the lysis step were 
removed in a FSC-H versus SSC-H plot (data 
not shown). To compare with the previous 
data, a mycoplasma sample was analyzed 
using the same settings (Panel D). To find out 
the number of WBCs in the RBCs samples 
used to quantify the HA activity (Panels E 
and F), a RBCs sample was analyzed in 
Panel E using the same settings as in Panel 
B. Only 78 events of WBCs were detected 
in region R4b, which is a very small number 
when compared with the 1170 events in the 
WBCs preparation. When using the settings 
optimized for mycoplasma detection (Panel 
F), the number of events from WBCs in R5 
was even smaller. None of these events fell 
into the R1 mycoplasma region. These results 
indicate that the small number of WBCs 
remaining in the RBCs preparation has no 
effect when quantifying the mycoplasma cell 
biomass after the hemadsorption reaction.
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Fig. 3.6. Flow cytometry (FC) analyses of Mycoplasma non-viable cells. Three Mycoplasma genitalium 
cell samples were prepared at a 3·106 FL1 fluorescence units mL−1 (the usual working dilution for 
FC analyses). These samples were incubated 40 min at 37°C with end-over-end mixing and stained 
20 min with SYBR Green I. To detect the presence of non-viable cells, some of the samples were 
also stained with 2 µg mL−1 propidium iodide (PI) for 5 min before being analysed by FC using 
SSC-H vs. FL1-H plots (panels A, C and E) and FL3-H vs. FL1-H plots (panels B, D and F). Since PI 
staining increases dramatically the FL3-H fluorescence of dead mycoplasma cells, the double gating 
strategy to reduce the number of events from medium particles overlapping with the mycoplasma 
region R1 could not be used. Alternatively, the mycoplasma population region R1 was delimited in 
SSC-H vs. FL1-H plots and this region was then gated in FL3-H vs. FL1-H plots. Panels A-B: control 
sample containing mycoplasma cells non-stained with PI. Panels C-D: positive control containing 
PI-stained cells permeabilized with 0.015% Triton X-100 to demonstrate that non-viable cells are 
strongly stained with PI and exhibit a concomitant increase in FL3-H fluorescence. PI-stained cells 
could be enclosed in a region DR. Panels E–F: unpermeabilized mycoplasma cells stained with PI. 
FC analyses showed a slight increase in FL3-H fluorescence and only a small fraction of the events 
(4.3%) fell into the DR region, suggesting that most of the mycoplasma cells remain viable in the 
conditions used to perform the HA assay.
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The first experiments to quantify the HA reaction were conducted using a fixed amount 
of RBCs, increasing amounts of mycoplasma cells and measuring the shift to higher 
fluorescence values of the events in the RBC region. However, this approach has two severe 
drawbacks. By one hand, when using increasing amounts of mycoplasma cells, regions 
R1 and R2 were gradually closer and became eventually overlapped. On the other hand, 
events from the particulate material of the culture medium are very prone to overlap with R2 
region as indicated above and this problem was exacerbated at the highest concentrations 
of mycoplasma cells (Fig. 3.7).

Fig. 3.7. HA assay using a fixed amount of 
RBCs and increasing amounts of mycoplasma 
cells. (+) column contains the dot plots of the 
mixtures of RBCs and increasing amounts of 
mycoplasmas. In (−) column are the dot plots of 
the same mycoplasma samples in the absence 
of RBCs, respectively. (A–D) When increasing 
the mycoplasma concentration from A to D in 
the hemadsorption reaction, the fluorescence 
in the RBC R2 region shifts to higher FL1-H 
fluorescence values as a consequence of the 
attachment of mycoplasmas. Despite the fact 
that the data could be modeled to a Langmuir 
plot, medium debris invade the R2 region as 
seen in the (−) column and, as a result, R2 FL1-H 
total fluorescence measures are not reliable. 
Furthermore, when using the highest amounts 
of mycoplasma cells (C–D) cell aggregates 
overlap to the R2 region and RBCs containing 
attached mycoplasma invades the R1 region, 
making difficult to obtain reproducible measures 
of RBCs in R2 region.
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In consequence, we designed a new HA assay using a fixed amount of mycoplasma 
cells, increasing amounts of RBCs and measuring the free mycoplasmas remaining 
after the HA reaction. Using these conditions, the amount of free mycoplasmas 
decreased when increasing the amount of RBCs and the obtained results were 
very reproducible among different experiments (Fig. 3.8 and 3.9). The binding of 
mycoplasma cells to RBCs was also confirmed by examining some FC samples by 
phase contrast and epifluorescence microscopy (Fig. 3.9C). Since adhesion of cells 
from HA positive mycoplasma strains is also dependent on the RBC concentration 
as described previously (Baseman et al., 1982a), the binding reaction between both 
cells also follows a first order Langmuir isothermal kinetics (Langmuir, 1918) and the 
amount of free mycoplasmas found at any given RBC concentration can be modeled 
using the equation:

 
that results in an inverse Langmuir plot, where Mf is the fraction of free mycoplasma 
cells, [RBC] is the number of FC events in R2 region per µL, Bmax the maximum fraction 
of mycoplasma cells bound to RBCs and Kd is the dissociation constant of the binding 
reaction. Similar to other kinetic analyses performed on binding reactions involving a 
ligand and a receptor, the lower Kd and the higher Bmax are indicative of the stronger 
HA activity of the tested cells.

HA Properties of Different Mycoplasma Strains

Using this method, the HA parameters of M. genitalium G37 WT strain and several 
isogenic M. genitalium strains as well as two additonal mycoplasma species were 
determined (Fig. 3.8). Obtained values from three or more biological replicates for 
each strain were highly reproducible. Consistent with previous works (Pich et al., 2008) 
G37 WT strain exhibited the lower Kd while isogenic strains mg218

− and mg317−, with 
an intermediate HA phenotype, showed higher Kd values, being the mg317

− strain Kd 
slightly higher than that of the WT strain. Interestingly, Bmax values were very similar 
for WT and mg218− strains and lower for mg317− strain. These results suggest that the 
nature of the intermediate HA phenotype of strains mg218− and mg317− might have 
a different origin at the molecular level. As expected, when testing the HA negative 
strain mg191−, the number of free mycoplasmas was very high, independently of 
the RBC concentration and showed a non-detectable decrease even at the highest 
RBC concentration tested. In the absence of binding, data from strain mg191− could 
not be modeled using the inverse Langmuir plot (Fig. 3.8A). We also determined the 
HA parameters of different mycoplasma species (Fig. 3B). Cells from M. penetrans, 
a HA positive mycoplasma, exhibited a Kd value higher than M. genitalium cells 
and a Bmax value not significantly lower than these cells. In contrast, cells from M. 
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hyopneumoniae, a HA negative mycoplasma, showed no detectable adhesion to RBCs and 
binding parameters could not be determined, similarly to the non-adherent M. genitalium 
mg191− strain.

Strain Qualitative HAa Bmax ± SEb Kd (RBC·µL-1) ± SEb

M. genitalium G37 + 0.91 ± 0.01 474.8 ± 31.5
M. genitalium mg218- + 0.91 ± 0.03 1442.5 ± 155.6
M. genitalium mg317- + 0.68 ± 0.04 840.8 ± 149.4
M. genitalium mg191- - NA NA
M. penetrans GTU-54 + 0.83 ± 0.13 3489.4 ± 1079.3
M. hyopneumoniae J - NA NA

Fig. 3.8. Inverse Langmuir plots of HA assays 
containing a fixed amount of mycoplasma cells 
and increasing amounts of RBCs. The fraction of 
free mycoplasma cells was calculated from the 
total FL1-H fluorescence values in the MR region 
(Fig. 3.4) of each HA reaction taking as reference 
the total FL1-H fluorescence in a mycoplasma 
sample without RBCs. (A) Plots from HA assays 
containing M. genitalium G37 strain and its 
isogenic mutant strains mg218−, mg317− and 
mg191−. (B) Plots from HA assays performed with 
different mycoplasma species.

a References: M. genitalium G37 (Tully et al., 1983b), M. genitalium mg218- and mg317- (Pich et 
al., 2008), M. genitalium mg191- (Burgos et al., 2006), M. penetrans GTU-54 (Lo et al., 1992), M. 
hyopneumoniae J (Young et al., 1989).
b SE, standard error
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When analyzing the dot plots corresponding to different HA reactions, it was observed that 
mycoplasma cell aggregates with the highest SSC-H values and the strongest SYBR Green 
fluorescence bind to RBCs at a higher rate than single mycoplasma cells when increasing 
the concentration of RBCs. In addition, the presence of mycoplasma cell aggregates on 
RBCs was also observed in the epifluorescence images (Fig. 3.9C). These findings were 
further investigated by dividing the different dot plots into four separate quartiles (Q1 to 
Q4, Fig. 3.9A) and constructing inverse Langmuir plots using the fluorescence data of 
mycoplasma cells in each quartile. Once Kd and Bmax were determined for data grouped 
into quartiles (Fig. 3.9B), there was a good correlation between the HA and the size of 
mycoplasma cell aggregates, being the larger aggregates those that exhibited the strongest 
HA and providing evidence that the binding of mycoplasma to RBCs probably follows a 
cooperative behavior.

Fig. 3.9. Differential binding properties of 
mycoplasma cell aggregates and single 
mycoplasma cells. (A) Dual parameter dot 
plots of SSC-H vs. FL1-H fluorescence from 
several HA reactions showing the events in 
MR and R2 regions. MR region was defined as 
described in Fig. 3.4. R2 region contains the 
events from free RBCs and RBCs containing 
attached mycoplasmas. These plots contain 
a fixed amount of M. genitalium cells and 
increasing amounts of RBCs. Each dot plot 
was divided into four separate quartiles (Q1 to 
Q4) and the total fluorescence in MR region 
of each quartile was used to construct the 
respective inverse Langmuir plots in panel B. 
(C) Representative micrograph showing RBCs 
and mycoplasmas after the assay. The phase 
contrast picture is merged with the SYBR 
Green I epifluorescence picture, which is false 
colored to green. Bar is 10 µm. Note that most 
of SYBR green stained mycoplasmas are in 
big particles much larger than single cells, 
usually measuring 0.5–0.8 µm.
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Discussion

Surface-attached mycoplasmas display unique polar structures of unprecedented 
complexity in the bacterial world that are involved in diverse aspects of the biology of these 
microorganisms and play a key role as virulence factors. In addition to diverse molecular 
methods, attachment of mycoplasma cells has been traditionally studied by determining 
their HA ability to RBCs and it is a distinctive trait widely investigated when characterizing the 
different mycoplasma species. Despite the fact that methods to qualitatively determine the 
HA or hemagglutination of mycoplasmas are straightforward and inexpensive, the same is 
not true when investigating HA at the quantitative level (Pich et al., 2008, Willby and Krause, 
2002, Miyata et al., 2000, Burgos et al., 2007). Current methods to quantify mycoplasma HA 
rely on centrifuging RBCs after the incubation with bacterial cells. As mycoplasma cells have 
a very small size, only those attached to RBCs are expected to be found in the sediment 
(Pich et al., 2008, Willby and Krause, 2002). However, mycoplasma cells are very prone to 
form large cell aggregates and some of these aggregates may sediment even at very low g 
values, introducing a bias in the results. Therefore, we choose to explore FC to quantify the 
HA reaction, taking advantage that this technology could resolve RBCs and mycoplasma 
populations in a consistent way without the need of centrifugation. Since FC separates 
cell populations using their light dispersion properties and fluorescence, it provides a 
higher resolution than centrifugation. In addition, FC quantification of SYBR Green labeled 
mycoplasmas is a straightforward procedure and avoids the need of introducing a previous 
radioactive label or determining their ATP content by expensive enzymatic methods.

As showed before, FC data are easily modeled using a kinetic approach, which allows that 
the HA activity of a particular mycoplasma strain could be described by standard quantitative 
parameters like Kd and Bmax. Each one of these parameters provide different information 
about the HA properties of tested cells. A high Kd value suggest that mycoplasma cells have 
a low affinity for RBCs but they are still able to adhere on their surface, especially at the 
highest concentrations of these cells. Likewise, a high Kd value could be expected when 
analyzing the HA properties of mycoplasma strains with a decreased amount of adhesins. 
This is in close agreement with previous reports showing that isogenic strains mg218− and 
mg317− have diminished amounts of the main adhesins P140 and P110 (Pich et al., 2008). 
Alternatively, mycoplasma strains either with an improper adhesin distribution on the cell 
surface or bearing adhesins not properly folded are also expected to exhibit higher Kd 
values. On the other hand, Bmax values much smaller than one are suggesting that the cell 
population tested is heterogeneous and a significant amount of cells are non-adherent at all, 
even at the highest concentration of RBCs. This may be the case of the mg317− strain with 
a Bmax value of 0.68, which indicates that 32% of cells are non-adherent and suggests that 
cells from this strain are heterogeneous regarding to the main adhesin content. Fortunately, 
this point is fully testable and work is currently in progress to assess it.
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We have shown that mycoplasma aggregates bind preferentially to RBCs, suggesting 
a cooperative behavior when attaching to the surface of these cells. From this view, cell 
aggregation might be considered as a positive trait favoring the colonization of the target 
tissue/s. However, it is not clear whether cell aggregates are binding preferentially to the 
target tissues in the initial stages of an in vivo infection. It has been recently reported that 
mycoplasmas have a broad affinity for sialylated oligosaccharides (Roberts et al., 1989, 
Nagai and Miyata, 2006) but they show strong preferences for specific sialylated compounds, 
being this specificity a prominent factor to explain the marked tissue tropism that exhibit 
these microorganisms (Kasai et al., 2013). Bearing this in mind, the preferential attachment 
of cell aggregates may be simply an indication that RBC oligosaccharides promoting the 
binding of mycoplasmas are not as effective as those on the target tissue of a particular 
mycoplasma species. In this scenario, cell aggregation could be merely considered as a 
mechanism favoring attachment by maximizing the ratio and/or the density of adhesins 
on the surface of these aggregates. In addition, the preferences for particular sialylated 
compounds exhibited by different mycoplasma species, thus providing an explanation to the 
dissimilar Kd values obtained when testing the HA activity of several mycoplasma species 
(Fig. 3.8).

In conclusion, staining mycoplasma cells with the SYBR Green vital fluorochrome combined 
with the FC analysis after adsorption to RBCs is an inexpensive and reliable method to 
accurate quantify the HA activity of mycoplasmas. This method could be easily implemented 
in a standardized assay to test the growing number of clinical isolates and mutant strains 
of different mycoplasma species, providing valuable data about the virulence of these 
microorganisms.
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General Discussion

In this work we have provided solid evidence demonstrating that the rod element of the 
mycoplasma cytoskeleton is not essential for movement generation in motile mycoplasma 
cells. One of the consequences of these experimental findings is that the current inchworm 
model is no longer a proper model and/or mechanism to explain the motile properties of 
mycoplasma cells. Consequently, a new model integrating all the current knowledge about 
the molecular biology of mycoplasmas is needed to replace the current gliding paradigm 
and to provide new hypothesis for future research. This new model should integrate the 
following experimental data:

I. The rod component of the terminal organelle shows both bent and extended 
conformations when observed by ECT (Henderson and Jensen, 2006, Seybert et al., 2006, 
González-González, Unpublished).

II. The rod component is not involved in the generation of the gliding motility, but 
stabilizes the adhesins and prevents the formation of cell filaments (chapter 1). 

III. P32 stabilizes the main adhesin complexes and improve the motility properties of 
the mutant strains deficient for the rod component (chapter 1). However, P32 protein itself 
is not essential for gliding motility in M. genitalium (González-González, unpublished).

IV. Proteins MG386, MG200, MG491 and MG219 located in the wheel-like component 
are essential for a proper cell motility (chapter 2) (Calisto et al., 2012, Pich et al., 2006a, 
González-González, Unpublished) and are found at almost WT levels in motile strains 
lacking of the rod component (chapters 1 and 2). 

V.   A new cytoskeletal structure was observed in mutant strains lacking the rod 
component of the terminal organelle. This new structure is able to cluster and localize the 
adhesins and also contains a minimized version of the motile machinery propelling M. 
genitalium cells (chapter 1). 

VI. Terminal button proteins are implicated in the anchoring of the electron-dense core 
and in the curvature of the terminal organelle (Burgos et al., 2008, Pich et al., 2008).

We have provided evidence supporting that the gliding motility in M. genitalium is initiated at 
the terminal organelle by a rod-independent mechanism. The fact that P32 stabilizes P110 
and P140 complexes and that the amount of these proteins is well-correlated with the motile 
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properties of rod-deficient strains. This suggests that these proteins are important elements 
of the molecular motor that propel cells. The thrust originated in the molecular motor 
pushes the terminal organelle forward and produces a change in the rod component, which 
adopts a straight conformation. The recovery of the bended conformation may promote 
the movement transmission to the main cell body. In this way, we propose that bending 
of the rod component is not in the origin of the cell movement but it is a consequence of 
such movement. In motile strains lacking the rod component, the movement is not properly 
transmitted to the cell body. Since the terminal organelle is still generating movement, 
the cells become elongated and, upon continuous extension, this process results in the 
formation of long filaments. Eventually, terminal organelle may detach from the cell body, 
thus generating the motile particles visualized in the rod-deficient mutants. 

The wheel-like complex has also an active role in gliding motility. Mutant strains lacking 
MG200, MG386 or MG219 show severe gliding deficiencies (González-González, 
unpublished, Pich et al., 2006a). MG200 protein, as well as its orthologue TopJ protein in 
M. pneumoniae (Cloward and Krause, 2011), has an important role in the clustering and 
trafficking of the adhesins (Broto, unpublished). Since the adhesins have a pivotal role in the 
generation of movement in our proposed model, the function of MG200 protein is essential 
for motility, and this explains the gliding deficiencies in the MG200 null mutant strain (Broto, 
unpublished, Calisto et al., 2012, Pich et al., 2006a). In this way, it is noteworthy that the 

Fig. D.1. Schematic representation of a new model for M. genitalium gliding motility. (A) Motility 
of G37 WT cells. Adhesins clustered in the naps (blue dots) extend the terminal organelle and the 
rod (in green) adopts a straight conformation. Then the rod recovers the bended conformation and 
moves the cell body. (B) Motility of filamentous ∆mg218-P32Ch cells. The new cytoskeleton (in red) 
is able to cluster the nap structures (blue dots), which extend the filament because of the lack of a 
rod structure. Even, some motile parts may detach from the cell body. Bars are 0.3 µm.
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wheel-like complex proteins are at normal levels in the motile and rod-deficient mutant 
strains. 

MG491 plays a complex role in gliding motility. This protein stabilizes MG218 and the rod 
component of the terminal organelle of M. genitalium cells, but we have shown that neither 
MG218 nor MG491 are essential for movement generation. However, MG491 is important 
for the assembly of the minimized cytoskeleton containing the motile machinery when the 
rod is missing. MG491 protein also forms quaternary complexes and mutations precluding 
the arrangement of these complexes are well-correlated with the presence of gliding 
deficiencies in M. genitalium cells. In addition, MG491 may be a phosphorylated protein 
similar to its M. pneumoniae ortholog P41 (Schmidl et al. 2010). The possibility that MG491 
function might be regulated both by phosphorylation and by formation of intermolecular 
disulfide bonds suggests a role of MG491 in the regulation of cell motility.

Our results suggest that the nap structure plays a fundamental role in the motility of M. 
genitalium cells, either by initiating the movement, e.g. being the molecular motor, or by 
attaching the molecular motor to solid surfaces while cells are moving. The rod component 
of the terminal organelle is necessary for the transmission of the movement to the cell body 
and the wheel-like complex anchors the terminal organelle and regulates the movement. 
As previously described, the terminal button anchors the cytoskeleton at the cell membrane 
and directs the cells by modulating the curvature of the terminal organelle (Burgos et al., 
2008). In contrast with the two previous models, we provide a specific role in gliding motility 
for each of the components of the terminal organelle.

Further investigation in M. genitalium gliding motility should be focused on the molecular 
motor, on the role of the adhesins in the movement generation and on the energy resources 
needed for this movement. But most importantly, this model also requires further research 
about the bending mechanism of the rod.

We can easily extend this new model to other motile mycoplasmas as M. pneumoniae 
and M. mobile. Proteins involved in gliding motility share a high homology in M. genitalium 
and M. pneumoniae. Also, the structure of the terminal organelle is nearly identical in both 
species. So, a common mechanism for gliding movement is suggested in these two species 
(Hatchel and Balish, 2008). No orthologs for terminal organelle proteins have been identified 
in M. mobile. However, it is reported that the adhesin/leg protein Gly349, is connected 
to a jellyfish-like internal cytoskeleton. It has been discussed that this cytoskeleton might 
have a role in the localization of the adhesins and/or be a scaffold to support the force 
generated by the gliding machinery (Nakane and Miyata, 2007). These functions are 
similar to that discussed below for M. genitalium wheel-like complex and rod, respectively. 
These surprising similarities between motility mechanisms of two phylogenetically distant 
mycoplasmas and the differences in the proteins involved in gliding motility might be a new 
case of convergent evolution.
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Conclusions

Chapter 1: Gliding motility in electron-dense deficient mutants of Mycoplasma 
genitalium

1.  A null mutant strain of M. genitalium deficient for MG_491 gene has very reduced levels 
of adhesins and adherence accesory proteins and shows filaments that extend from the 
cell bodies. 

2. The phenotype of ∆mg491 cells was previously observed in MG_218 null mutant strain.

3. An extra copy of MG_318 gene partially restores the amount of adhesins and gliding 
properties in ∆mg491 and ∆mg218 strains.

4. The rod component of the terminal organelle is not essential for cell motility.

5. Cytoskeletal proteins MG200, MG219, MG386, P32, P110 and P140 are a minimized set 
of proteins needed for cell motility.

6. The nap structure of mycoplasmas is not only a passive element involved in cell adhesion 
but also plays an active role in gliding motility.

7. A new working model highlightning the role of the nap structure in motility has been 
proposed to explain the gliding mechanics of mycoplasmas.

Chapter 2: Mycoplasma genitalium strains with relevant mutations in the 
structure and function of MG491 protein

8. MG491 C-ter peptide_1 interacts with the EAGR box in MG200 and is required for the 
anchoring of the terminal organelle to the cell body.

9. Phe157 and Phe158 residues of MG491 protein, located at the loop L2, are also involved 
in the anchoring of the terminal organelles to the main cell body.

10. MG491 is involved in gliding motility in M. genitalium. The loop L2 and the Cys87 residue 
are required for this function. 

11. The N-ter domain of MG491 is essential for the stability of the adhesins and adherence 
accesory proteins. 
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Chapter 3: Quantitative Hemadsorption Assay for Mycoplasma Species using 

Flow Cytometry

12. SYBR Green I stained mycoplasmas can be analyzed by flow cytometry to quantify their 
cell mass in a four log range.

13. Flow cytometry analysis of SYBR Green I stained mycoplasmas and red blood cells 
provide a simple and reproducible method to quantify the hemadsorption activity of 
mycoplasma cells. 

14. Adhesion of mycoplasmas to red blood cells follows Langmuir isotherm curves, which 
allows the kinetic analysis of the hemadsorption activity of these microorganisms.

15.  Kinetic parameters of the mycoplasma hemadsorption activity allow to characterize the 
adhesion deficiencies of mycoplasma strains.
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Experimental Procedures

1. Biologic material
	 1.1. Bacterial strains

Escherichia coli

XL1-Blue

supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac- F-[proAB+ laqIq 
lacZ∆M15 Tn10(tetr)]

Strain used for cloning manipulations.

Mycoplasma genitalium

G37
WT

Used as a WT strain in this study.
Origin: ATCC 33530

mg218-
G37 MG_218::MTntetM438

G37 with an insertion of a mini-transposon in MG_218 locus.     
Origin: Pich et al. 2008

mg317-
G37 MG_317::MTntetM438

G37 with an insertion of a mini-transposon in MG_317 locus.     
Origin: Pich et al. 2008

mg191-
G37 ∆MG_191::tetM438

G37 with a deletion of MG_191 locus by gene replacement. 
Origin: Burgos et al. 2006

∆mg218
G37 ∆MG_218::tetM438

G37 with a deletion of MG_218 locus by gene replacement. 
Origin: Pich et al. 2008

∆mg491
G37 ∆MG_491::tetM438

G37 with a deletion of MG_491 locus by gene replacement. 
Origin: this study

∆mg491-mg491cat
∆MG_491 MG_370::MTncatM438MG_491

∆mg491 with a mini-transposon containing MG_491 wt allele. 
Origin: this study

∆mg218-P32Ch
∆MG_218 MTnGmMG_318:mCherry

∆mg218 with a mini-transposon containing MG_438:mCherry fusion. 
Origin: this study
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∆mg491-P32Ch

∆MG_491 MG_370::MTnGmMG_318:mCherry

∆mg491 with a mini-transposon containing MG_438:mCherry fusion. 
Origin: this study

mg491-∆p1
G37 MG_491∆(T298-P322) Ω(266044pb::catM438)

G37 with a deletion of MG_491 peptide_1 coding sequence by 
gene replacement. Origin: this study

mg491-∆p1TC6
mg491-∆p1 MTnGmMG_491

mg491-∆p1 with a mini-transposon containing MG_491 wt allele. 
Origin: this study

mg491-C87S
∆MG_491 MG_414::MTncatM438MG_491C87S

∆mg491 with a mini-transposon containing MG_491-C87S mutated 
allele. Origin: this study

mg491-F157A-
F158A

∆MG_491 MG_032::MTncatM438MG_491-F157A-F158A

∆mg491 with a mini-transposon containing MG_491-F157A-F158A 
mutated allele. Origin: this study

mg491-∆loopL2
∆MG_491 MG_460::MTncatM438MG_491∆loopL2

∆mg491 with a mini-transposon containing MG_491-∆loopL2 mutated 
allele. Origin: this study

mg491-∆Nt
∆MG_491 MG_414::MTncatM438MG_491∆Nt

∆mg491 with a mini-transposon containing MG_491-∆Nt mutated 
allele. Origin: this study

Mycoplasma penetrans

GTU-54
WT

Used as a WT strain in this study.
Origin: ATCC 55252

Mycoplasma hyopneumoniae

J
WT

Used as a WT strain in this study.
Origin: ATCC 25934
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	 1.2. Vectors

pBluescript II SK+

Phagemid used as a backbone for cloning. A DNA insertion in 
the MCS produces a disruption of the lacZ’ gene. Also pBSK 
II+. Origin: Agilent 

pMTnGm

pBSK II+ containing the sequence coding for a mini-transposon 
modified from Tn4001. This transposon contains the sequence 
coding for gentamycin resistance aac(6’)-aph(2’’) gene. Origin: 
Pich et al. 2006

pMTnTetM438
pMTnGm with a substitution of the gentamycin resistance 
gene for a tetracycline resistance gene under the control of 
MG_438 promoter (tetM438). Origin: Pich et al. 2006

pMTnCat
pMTnGm with a substitution of the gentamycin resistance 
gene for a chloramphenicol resistance gene under the control 
of MG_438 promoter (catM438). Origin: Calisto et al. 2012

pΔmg491
pBSK II+ derived plasmid used to produce a deletion of MG_491 
gene in M. genitalium. Contains the tetM438 tetracycline 
resistance gene. Origin: this study

pMTnCatmg491
pMTncat derived plasmid containing the MG_491 locus under 
the control of MG_438 promoter into the mini-transposon 
sequence. Origin: this study

pMTnGmmg491
pMTnGm derived plasmid containing the MG_491 locus under 
the control of MG_438 promoter into the mini-transposon 
sequence. Origin: this study

Cherry-LacRep
Plasmid used to amplify the mCherry coding sequence. Origin: 
Dundr et al, 2007

pMTnGmmg318:mcherry

pMTnGm derived plasmid containing a fusion between 
MG_318 locus and mCherry under the control of MG_318 
own promoter into the mini-transposon sequence. Origin: this 
study

pΔp1cat
pBSK II+ derived plasmid used to produce a deletion of 
MG_491 Ct peptide_1 in M. genitalium. Contains the catM438 
tetracycline resistance gene. Origin: this study

pMTncatC87S
pMTnCatmg491 derived plasmid with a point mutation that 
produces a substitution of MG491 Cys87 for Serine. Origin: 
this study

pMTncatF157A-F158A
pMTnCatmg491 derived plasmid with point mutations that 
produce the substitution of MG491 Phe157 and Phe158 for 
Alanine. Origin: this study

pMTncat∆loopL2
pMTnCatmg491 derived plasmid with a deletion of MG491 
residues Asn155-Lys160. Origin: this study

pMTncat∆Nt
pMTnCatmg491 derived plasmid with a deletion of MG491 

residues Met1-Gln61. Origin: this study
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	 1.3. List of oligonucleotides used in this work

Used for sequencing DNA insertions in plasmids

Fup-17 5’-GTAAAACGACGGCCAGT

Rup-17 5’-GGAAACAGCTATGACCATG

To determine transposon insertion points

CmDown 5’- ATGAATTACAACAGTACTG

GmDown 5’-AAAAATGAAAAATAATAAAGGAAG

To find recombination events inactivating MgPa operon by PCR

R1 5’- GGTAAAGTTCCAGTAGAAGTAG

R4 5’- AATACTAGTTTCTTCTTTTAGACC

R5 5’-AGTAAGAATGTTACTGCTTACA

R6 5’-AGTTATAGTTTAAACCTAACGCAT

Used in cloning

LHmg491/5 5’-ACTGAAGCTTATGAATACTTTAGAAAGATGCGTG

LHmg491/3 5’-TATCGAATTCTTTATTTACTTGCTGCTTTTTGG

RHmg491/5 5’-TACTGGATCCGTTAGTCAACCTGAAGTTGAAG

RHmg491/3 5’-TATCTCTAGATTGAGCTATGATGACAGTTGATC

5P32 5’-TAAGGTTAGTCGACTGGGGCTTGATTAATTAGCAGC 

3P32 5’-GGGTTTTAAACCGCCTTTTGG

5Cherry 5’-AGCTATACGTAAGCAAGGGCGAGGAGG

3Cherry 5’-TATGGAATTCTTACTTGTACAGCTCGTCCATGC

MG491pr438/5
5’-GGGGTCGACTAGTATTTAGAATTAATAAAGTATGGTTAATAATGAATATCAA-

CAAC

MG491/3 5’-ATTGCTCGAGTTATTCATTATGGGTATTTTTTTCAAG

mg491/5 5’-GAAGATCTAGAATGGTTAATAATGAATATCAACAAC
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mg491Δp1N 5’-CTATGTCATCCTTACTTAGTTTCGGAGGTTTGAGATCAACTTGGGGTTGGA

mg491Δp1C 5’-TCCAACCCCAAGTTGATCTCAAACCTCCGAAACTAAGTAAGGATGACATAG

mg219/3 5’-GAAGACTCGAGTTAAGATCTGGTTTTTTTATTGC

cat/5 5’-GAACTCTCGAGCAATTGTAGTATTTAGAATTAATAAAGTATG

cat/3 5’-GAAGACTCGAGTTACGCCCCGCCCTGCCACTC

HRC/5 5’-AATATCTCGAGTCTGGTTTTTTTAGTGTTAACAAC

HRC/3 5’-AATATGGGCCCACTAGCTAGATATTGTTCATATTG

P-C87SMG491/5 5’-P-ACTGGAACGCAGTTCGTTGGTTG

C87SMG491/3 5’-AAAAGAAAACCACGTTTTGCTTG

FFAAMG491/5 5’-AACTCGGCTGCTAACAAGCTTTTAAGTGATC

P-loop/3 5’-P-TAAGACAGGGGTATATTCACTAC

loop/5 5’-CTTTTAAGTGATCCTGATCCAATC

MG491pr438ct/5 5’-TTTGGGCCCTAGTATTTAGAATTAATAAAGTATGCAATCCAGTTTCCATAAC

Restriction sites are underlined.
MG_438 promoter is in italics.
P- indicates 5’ phosphorylation

	 1.4. Culture conditions

		  1.4.1. Culture of E. coli strains

Liquid LB medium was used for growing E. coli strains: bactotryptone 1% (Sharlab), yeast 
extract 0.5% (Sharlab) and NaCl 1%. This media is autoclaved 15 min at 120ºC. E. coli 
strains were cultured in 3-15 mL of LB medium overnight (O/N) at 37ºC and 250 rpm and 
recovered by centrifugation.

Solid LB medium was prepared by adding Bacteriological agar 1.5% (Sharlab) to liquid LB 
before autoclaving. Before cooling, this mixture was dispensed on 90 mm petri dishes and 
stored at 4ºC. Colonies of E. coli were isolated by seeding on solid LB medium dishes and 
growing O/N at 37ºC.

Liquid and solid LB medium was supplemented with ampicillin (Roche) 100 µg mL-1 for the 
selection and manteinance of transformant clones with plasmids containing the bla gene, 
conferring resistance to this antibiotic.



Luis García Morales

92

Solid LB medium was supplemented with X-Gal (Sigma-Aldrich) 50 µg mL-1 for the selection 
of transformants with pBluescript plasmids containing a DNA insertion in the multiple cloning 
site. E. coli strains were stored at -80ºC in LB supplemented with 10% of sterile glycerol.

		  1.4.2. Culture of M. genitalium strains

Liquid SP-4 medium was used for growing M. genitalium strains. The base for 0.5 L of this 
medium is prepared by mixing 1.75 g of PPLO (Becton-Dickinson), 5 g of tryptone (Becton-
Dickinson), 2.65 g of bactopeptone (Becton-Dickinson) and 2.5 g of glucose (Sigma-Aldrich) 
in 312 mL of MilliQ water (distilled water filtered through a 0.22 µm Millipore filter). This base 
is adjusted to pH 7.8 and autoclaved 15 min at 120ºC.

After cooling the base, the following supplements were added: 50 mL of autoclaved 2% 
yestolate (Becton-Dickinson), 7 mL of autoclaved phenol red 0.1% pH 7 (Sigma-Aldrich), 
17.5 mL of fresh yeast extract 25%, 25 mL of CMRL 10x (Life techonologies), 85 mL of 
Foetal Bovine Serum (FBS, Life technologies), 1.71 mL of glutamine 29.2 mg mL-1 (Sigma-
Aldrich), 0.25 mL of ampicillin 100 mg mL-1 (Roche) and  NaOH until reach pH 7.8.

To prepare the yeast extract for SP-4 medium, 250 g of fresh yeast were diluted in 1L of 
MilliQ water and autoclaved 10 min at 115ºC. After cooling, the yeast is centrifuged 10 min 
at 400 g and the supernatant is autoclaved again. This yeast extract is aliquoted and stored 
at -20ºC. To inactivate the complement system in the FBS, it should be heated 30 min at 
56ºC.

M. genitalium strains were grown in 5, 15 or 30 mL of SP-4 medium at 37ºC and 5%  CO2 
for 3-7 days until reaching the mid-log phase of growth in tissue culture flasks of 25 cm2, 75 
cm2 or 150 cm2, respectively (TPP). Cells were then scrapped off the flask and recovered 
by centrifugation 20 min at 20 000 g.

Solid SP-4 medium was used to isolated transformant colonies of M. genitalium. Solid 
SP-4 medium was prepared by adding agar 0.8% (Becton-Dickinson) to liquid SP-4 before 
autoclaving. Before cooling, this mixture was dispensed on 50 mm petri dishes and stored 
at 4ºC. Colonies of M. genitalium were isolated by seeding on solid SP-4 medium dishes 
and growing 2 weeks at 37ºC and 5% CO2.

Liquid and solid SP-4 medium was supplemented with tetracycline (Roche) 2 µg mL-1, 
gentamycin (Sigma-Aldrich) 100 µg mL-1 or chloramphenicol (Roche) 34 µg mL-1 for the 
selection and manteinance of transformant clones containing the tetM438, aac(6’)-aph(2’’) 
or catM438 genes, respectively, conferring resistance to these antibiotics. M. genitalium 
strains were stored at -80ºC in fresh SP-4 medium.
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		  1.4.3. Culture of M. penetrans strains

M. penetrans was grown in 15 mL of liquid SP-4 medium for three days as described for M. 
genitalium strains.

		  1.4.4.Culture of M. hyopneumoniae strains

M. hyopneumoniae was grown in 15 mL of liquid Friis medium in 50 mL centrifuge tubes 
(TPP) at 37ºC for three days. The composition of Friis medium is: irradiated horse serum 
20%, yeast extract 2.4%, phenol red 0.1%, Hanks’ Balanced Salt Solution 0.4% (Life 
technologies), Heart Infusion Broth 0.058% (Becton-Dickinson), 0.054% PPLO (Becton-
Dickinson) and ampicillin 100 µg ml-1, and was prepared according to the instructions in 
(Kobisch and Friis, 1996). 

2. DNA manipulations
	 2.1. Genomic DNA extraction from M. genitalium strains

1. 15 mL culture of M. genitalium strains were grown in a 75 cm2 culture flask until mid-
late exponential phase.

2. Cells were cleaned twice in PBS (Sigma-Aldrich) and recovered in 0.5 mL of Solution I 
(Tris-HCl 0.1 M pH 8, NaCl 0.5 M, EDTA 10 mM). Cells from adherent strains were cleaned 
in the same flask and recovered by scrapping off. Cells from non-adherent strains were 
cleaned and recovered by centrifugate 20 min 20 000 g.

  
3. 20 µL of SDS 20% was added and mixed gently to promote cell lysis.

4. 1 volume of phenol-chloroform-isoamyl alcohol mix (25:24:1) was added and mixed 
thoroughly. Phases were separated by centrifuging 5 min at 16 000 g and the aqueous 
phase was recovered in a new 1.5 mL tube. This step was repeated twice.

5. 2 volumes of absolute ethanol were added and mixed carefully. Precipitated DNA was 
pelleted by centrifuging 5 min at 16 000 g. The supernatant was removed and the pellet 
cleaned twice with 1 mL of ethanol 70%.

6. The DNA pellet was dried in a vacuum desiccator for 10 min and resuspended in 100 
µL of TE (Tris-HCl 10 mM pH 8, EDTA 1 mM) supplemented with 15 µg mL-1 of RNAse at 
4ºC O/N. Genomic DNA was then stored at -20 ºC. For the preparation of genomic DNA for 
sequencing, TE buffer was diluted five times.
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	 2.2. DNA quantification

Concentration of DNA in solution was determined using a NanoDrop 1000 
Spectrophotometer (Thermo Scientific) and following the instructions from the manufacturer.

	 2.3. Agarose gel electrophoresis

Agarose gels were used to separate DNA fragments of different sizes and were carried 
out following standard procedures (Sambrook and Russell, 2001). Agarose (SeaKem® LE 
Agarose) was prepared to the desired concentration (0.8-1.2%) depending on the predicted 
sizes of the DNA fragments in TAE (Tris-acetate 40 mM pH 8, EDTA1 mM). DNA samples 
were diluted in DNA loading buffer  (Tris-acetate 40 mM pH 8, EDTA 1 mM Bromophenol 
blue 0.25 mg mL-1, xylene cyanol 0.25 mg mL-1,   glycerol 30%) and introduced into gel 
wells. Electrophoresis were run at 70V for approximately 90 min. Finally, gels were soaked 
into an ethidium bromide 0.5 µg mL-1 solution in TAE for 20 min and visualized using UV 
light in a Gel docTM XR (BioRad) transilluminator. To estimate fragment sizes, a 1kb plus 
DNA ladder (LifeTechnologies) was used. For band recovery, bands were excised from the 
agarose gel and purified using the EZNA® gel extraction kit (Omega Bio-tek).

	 2.4. DNA amplification

DNA fragments were amplified from genomic and plasmidic DNA preparations by PCR 
using Phusion® DNA Polimerase (FINNZYMES) in an MJ MiniTM termocycler (BioRad). 
The general setup used for PCRs was:

- 3 ng of DNA template
- 1 µM of each primer 
- 0.6 Units of Phusion® DNA polymerase
- 200 µM dNTPs 
- 10 µL HF buffer 5x
- Sterile MQ water to 50 µL

Before the PCR cycle, the DNA was heated 2 min at 95ºC. The PCRs cycles were:
1. Denaturalization: 20 sec at 95ºC
2. Annealing: 30 sec at (Tm+3)ºC. Tm is the melting temperature of the primers used.
3. Extension: 30 sec/kb at 72ºC

The PCR cycle was repeated 35 times. A final extension of the PCR products was performed 
by keeping the samples at 72 ºC 5 min.
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	 2.5. Two-step recombinant PCR or overlap extension	

Recombinant PCR is a technique used to fusion DNA sequences. Briefly, two sequences are 
amplified separately. The 3’ primer used to amplify the upstream DNA segment and the 5’ 
primer used to amplify the downstream DNA segment are reverse and complementary, and 
contain at their 5’ tails the complementary sequence corresponding to the other segment. 
The PCR products are then mixed together and are employed as primers in a second PCR. 
The primers 5’ of the upstream segment and 3’ of the downstream segment are also added 
to the second PCR in order to amplify the final fused product.

	

	

	

	

	

	

	

	

	

	

	

	

	

	 2.6. Exsite mutagenesis

This PCR-based technique allows the mutagenesis in fragments of DNA cloned in a small 
plasmid. The whole plasmid is amplified with two primers oriented in opposite directions. 
One of the two primers contains the mutation and it is required that one of the two primers 
has its 5’ end phosphorylated. After the mutagenic PCR, the amplicon can be circularized 
by ligation of its ends thanks to this phosphorylation, recovering the initial plasmid but with 

Fig. M.1. Schematic of the overlap extension strategy. (A) Two independent PCRs amplify the two 
sequences to be fused. Primers b and b(inv) are reverse and complementary. Green fragment 
correspond to the 5´ end of the downstream fragment  incorporated in the upstream amplicon as a tail 
in primer b. Red fragment correspond to the sequence of the upstream fragment that is incorporated 
in the downstream fragment as a tail in b(inv). (B) The second round of PCR uses the 3’ end of both 
red and green fragments as a primer to extend the upstream and downstream segments. (C) Primers 
a and c amplifies the resulting fusion of the fragments.
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the intended mutation. The use of a polymerase that does not include additional adenines 
at the 3’, as Phusion® DNA polymerase, is essential. To generate deletions, the opposite 

primers have to be separated by the sequence corresponding to the desired deletion. 		

	 2.7. Restriction of DNA

Restriction enzymes (Roche or Fermentas) were used to cleave DNA fragments at specific 
restriction sites following the manufacturers’ instructions. DNA fragments were analysed 
and/or purified by agarose gel electrophoresis.

	 2.8. Dephosphorylation of plasmidic DNA

Before ligation, cleaved plasmids showing blunt ends were treated with alkaline phosphatase 
(Roche) according to the instructions of the manufacturer to reduce the recircularization of 
the vector during the ligation.

	 2.9. Ligation of DNA fragments

The ligation of DNA fragments into plasmids was performed using T4 DNA ligase (Roche) 
enzyme, following the guidelines of the manufacturer.

	

Fig. M.2. Schematic of the Exsite strategy. (A) Two primers are used to amplify by PCR the whole 
plasmid. Primer “a” include the mutation (*) and primer “b” is phosphorylated at its 5’ end. (B) The 
lineal amplicon containing the mutation can be circularized with T4 DNA ligase.
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	 2.10. DNA transformation in E.coli XL1-Blue strain

Competence of cells from E. coli XL1-Blue strain was achieved using the standard Inoue 
method (Sambrook and Russell, 2001). Aliquots of 0.1 mL of competent cells were cooled 
in liquid nitrogen and stored at -80ºC. Plasmids were transformed into XL1-Blue competent 
cells by using an standard heat shock protocol (Sambrook and Russell, 2001). 

	 2.11. Plasmidic DNA extraction

		  2.11.1. Minipreparations

Minipreparations of plasmidic DNA were performed from 2 mL of E. coli XL1-Blue O/N 
cultures using the commercial kit FastPlasmidTM Miniprep (5prime) following the supplied 
guidelines. This DNA was stored at -20ºC and used for screening purposes.

		  2.11.2. Midipreparations

Midipreparations of plasmidic DNA were carried out from 15 mL of E. coli O/N cultures using 
a standard alkalyne lysis protocol (Sambrook and Russell, 2001) with some modifications. 
Briefly, cells were harvested and cleaned with 1 mL Solution I (Tris-HCl 0.25 mM pH 8, 
EDTA 10 mM, Glucose 50 mM). After pelleting the cells by centrifuging 1 min at 16 000 g, 
cell were resuspended in 200 µL of Solution I supplemented with RNAse (0.3 mg mL-1) and 
were lysed with 400 µL of Solution II (NaOH 0.2M, SDS 1%). Cell debris was precipitated by 
addition of 300 µL of Solution III (Potassium acetate 3M, Acetic acid 11.5%) and separated 
by centrifuging 5 min at 16 000 g. The suppernatant was then cleaned in a column of the 
EZNA® gel extraction kit (Omega Bio-tek) following the supplied instructions. For clonning 
applications, the DNA was eluted in 40 µL of elution buffer (supplied in the kit) and stored at 
-20ºC. To electroporate M. genitalium cells with this plasmidic preparation, DNA was eluted 
in 40 µL of electroporation buffer and stored at -20ºC.

	 2.12. Transformation of M. genitalium strains

The current protocol for M. genitalium transformation of suicide plasmids is adapted from 
(Reddy et al., 1996). Briefly:

1. A 15 mL culture of the M. genitalium strain is grown in SP-4 until mid-log phase.

2. 10 mL of SP-4 were removed and the cells were scrapped off the flask in the other 5 
mL of  SP-4. These 5 mL were passed through a 0.45 µm low protein binding filter (Millipore) 
and were used to seed 30 mL of fresh SP-4 medium, and grown O/N. This step was not 
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done when transforming non-adherent strains.

3. SP-4 medium was removed and cells were washed three times with electroporation 
buffer (HEPES 8 mM pH 7.4, sucrose 272 mM). Then, cells were recovered in 1 mL of 
electroporation buffer by scrapping off. Non-adherent strains are recovered and washed 
by centrifugation 20 min 20 000xg. Then, they were passed 10 times through a 25 gauge 
syringe to break the aggregates.

4. 0.1 mL of cells were mixed with 10 µg of plasmidic DNA (for transposon mutagenesis) 
or 30 µg of plasmidic DNA (for gene replacement mutagenesis) in an electroporation cuvette 
with 2 mm of separation between electrodes. 

5. The mixture was cooled in ice for 15 min and then introduced into the electroporator 
(ECM 630 BTX). The electric shock was programmed to 2.5 kV, 250 Ω and 25 mF.

6. Cells were kept in ice 15 min and then 0.9 mL of SP-4 was added to the mixture an 
incubated 2h at 37ºC.

7. The cells were dispensed in SP-4 agar plates supplemented with the appropiate 
antibiotic. Non-electroporated cells were also seeded on SP-4 supplemented with antibiotic 
agar plates as negative control. Electroporated cells were seeded on SP-4 agar plates to 
assess viability after electroporation.

8. Plates were incubated two weeks as previously described and the colonies were 
recovered in 5 mL of liquid SP-4. After two weeks, approximately, SP-4 medium was 
removed and the cells were recovered in 0.5 mL of fresh SP-4 and stored at -80ºC.

Cell stocks recovered from this protocol were designated as master or passage 1 (P1) and 
were grown in 15 mL (P2) as previously described. These P2 cells were used for the further 
analyses.

	 2.13. Southern blot 

Southern blot analysis is a technique that allows the detection of a DNA fragment within a 
genome using a labelled probe. In this work, a Sourthern blot was performed to detect the 
presence of double recombinants when isolating M. genitalium ∆mg491 clones. For this 
purpose, genomic DNA from G37 WT strain and transformants were cleaved with BglII 
restriction enzyme (Roche) and the mutation was detected using a probe corresponding in 
sequence to the LHR DNA fragment. The Southern blot was performed using the following 
guidelines:
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	 	 2.13.1. Non-radioactive probe labelling

DNA fragments used as a probe for Southern blotting were labelled with digoxigenin-11-
dUTP (Roche). The labelling was performed using tne DIG DNA Labelling & Detection 
Nonradioactive Kit (Roche) and following the guidelines from the manufacturer. The ratio 
between digoxigenin-11-dUTP and dTTP was setted at 1:2.

		  2.13.2. Alkaline transference

Alkaline transference was performed using standard procedures (Sambrook and Russell, 
2001). 1 µg of genomic DNA from M. genitalium G37 WT and mutant strains were cleaved 
with restriction enzymes not presenting star activity. The digestion samples were separated 
in a 0.8% agarose gel electrophoresis run at 30V with a molecular weight marker and 
stained with ethidium bromide as previously described. This electrophoresis was visualized 
and the image was used to estimate the length of the bands detected in the Southern 
Blot. Ethidium bromide was removed and the DNA denatured by soaking the gel in TTA 
buffer (NaOH 0.4M, NaCl 1M). The DNA was then transferred by capilarity 1h to a nylon 
membrane in TTA buffer. After this step, the membrane was soaked in neutralization buffer 
(Tris-HCl 0.5M pH 7.2, NaCl 1M).

		  2.13.3. Hybridization with the probe 

The membrane with the transferred genomic DNA was treated with hybridization buffer 
(SSC 5x (Roche), formamide 50%, N-laurylsarcosine 0.1%, SDS 0.02%, blocking reagent 
5% (Roche)) during 1h at 42ºC and mild agitation in an hybridization oven (Amersham 
Pharmacia Biotech). The labelled probe was then denatured by heating at 98ºC 10 min. 15 
µL of this probe were diluted in 8 mL of hybridization buffer, added to the membrane and 
incubated O/N at 42ºC.

		  2.13.4. Detection of the probe

The membrane was then washed with low restrictivity (SSC 2x, SDS 0.1%), high restrictivity 
(SSC 0.1x, SDS 0.1%) and washing (maleic acid 0.1M pH7.5, NaCl 0.15M, Tween 20 0.3%) 
buffers and incubated 30 min with blocking solution (maleic acid 0.1M pH7.5, NaCl 0.15M, 
blocking reagent 1%). Then, the membrane was incubated 20 min with anti-Dig conjugated 
with alkaline phosphatase diluted 1:10 000 in blocking reagent. Finally, the membrane was 
washed with washing buffer, equilibrated with detection buffer (Tris-HCl 0.1M pH 9.5, NaCl 
0.1M, MgCl2 0.05M) and revealed in this buffer containing the NBT/BCIP mix (Roche) until 
apparition of the bands.
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	 2.14. DNA sequencing

DNA fragments cloned in pBluescript SK II vectors were sequenced with Fup-17 and Rup-
17 primers. The determination of the insertion point of the transposons in the transformant 
strains analyzed in this work was assessed by sequencing the genomic DNA of these 
strains with CmDown and GmDown primers. Sequencing reactions were performed with 
Big DyeTM 3.0 Terminator Kit (Applied Biosystems) and analyzed in a ABI 3100 Genetic 
Analyzer (Applied Biosystems) at the Servei de Genòmica i Bioinformàtica from UAB.

	 2.15. Construction of plasmids

	 	 2.15.1. pΔmg491

When designing the intended deletion in MG_491 locus, a 220 bp region from 3’ end of the 
MG_491 gene was preserved to avoid undesired effects in the transcriptional and translational 
status of the downstream flanking genes (Fig. 1.1A). A 1 kb fragment encompassing the 
upstream region of MG_491 gene (LHR) was amplified by PCR using the primers LHmg491/5 
and LHmg491/3 containing respectively HindIII and EcoRI restriction sites at their 5’ ends. 
Another 1 kb fragment corresponding to the downstream region of MG_491 gene (RHR) 
was amplified with the primers RHmg491/5 and RHmg491/3, containing respectively the 
BamHI and XbaI restriction sites at their 5’ ends. Both homology regions were cleaved to 
generate cohesive ends and mixed with the tetM438 gene marker which was previously 
excised from pMTnTetM438 plasmid by digestion with EcoRI and BamHI. Finally, these 
fragments were ligated to a HindIII and XbaI digested pBSK II and tranformed into E. coli 
XL1-Blue cells.

HindIII

EcoRI 

BamHI

XbaI

bla
f1(+) 
origin

ColE1
origin

RHR
tetM438

LHR

p∆mg491
6980 bp

Fig. M.3. pΔmg491 suicide plasmid used to delete the MG_491 gene from M. genitalium genome. 
Restriction sites used for its construction are marked. LHR and RHR are homologous regions to M. 
genitalium genome. tetM438 confers resistance to tetracycline. bla confers resistance to ampicillin. 
ColE1 and f1(+) are origins for replication in E. coli.
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		  2.15.2. pMTnGmmg318:mcherry

A 1584 pb DNA fragment encompassing the MG_318 gene coding for P32 protein and 
744 bp of the upstream region containing regulatory sequences (Waldo et al., 1999) was 
amplified from G37 genomic DNA using primers 5P32 (containing a SalI site at its 5’ end) 
and 3P32. Another 840 bp DNA fragment containing the coding sequence for mCherry 
protein was amplified from Cherry-LacRep plasmid (Dundr et al., 2007) using primers 
5Cherry and 3Cherry, containing respectively the SnaBI and EcoRI restriction sites at their 
5’ ends. Then, the pMTnGm plasmid was linearized with SalI and EcoRI, ligated with the 
PCR fragments cleaved with the corresponding restriction enzymes and transformed into 
E. coli XL1-Blue cells.

		  2.15.3. pMTncatmg491 and pMTnGmmg491

The coding sequence of MG_491 gene was amplified from M. genitalium genome using 
the primers MG491pr438/5 and MG491/3, containing respectively the SalI and XhoI sites 
at their 5’ ends. Primer MG491pr438/5 included also the promoter region of MG_438 gene. 
The excised PCR fragment was ligated into a pMTncat and into a pMTnGm excised with 
XhoI and dephosphorylated as previously described, and finally transformed into E. coli 
XL1-Blue cells.

Fig. M.4. pMTnGmmg318:mcherry suicide plasmid containing a mini-transposon used to insert a 
copy of MG_438 gene fused with mCherry gene into the genome of M. genitalium and under the 
control of its own promoter. Restriction sites used for its construction are marked. tnp encodes for 
the transposase that inserts the sequence between IR-OI and IR-OR. aac(6’)-aph(2’’) is a resistance 
gene to gentamycin.

SalI

EcoRI

IR-OR

tnp

aac(6’)-aph(2’’)

bla

IR-OI

f1(+)
origin

ColE1
origin

MG_318

MG_318
promoter

mCherry

pMTnGmmg318:mcherry
9060 bp
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	 	 2.15.4. pΔp1cat

A two-step recombinant PCR was used to construct a fragment of DNA encompassing 
MG_491 and MG_219 and excluding the sequence from nucleotides 895 to 969 of 
MG_491, encoding for the MG491 Ct_peptide 1. Firstly, 5’ MG_491 was amplified using 
primers mg491/5 and mg491∆p1N, while a fragment including MG_219 and the 3’ end 
of MG_491 was amplified using primers mg491∆p1C and mg219/3. Secondly, the two 
previously obtained fragments were fused using the complementary ends included in 
primers mg491∆p1N and mg491∆p1C and the fusion product was amplified using primers 
mg491/5 and mg219/3, which include respectively XbaI and XhoI restriction sites. Finally, a 
second PCR fragment encompassing a 1 kb region downstream to MG_219 was amplified 
using primers HRC/5 and HRC/3 which include respectively XhoI and ApaI restriction sites. 
Both PCR products were cleaved to generate cohesive ends, ligated to a pBSK II plasmid 
digested with XbaI and ApaI and transformed in E. coli XL1-Blue cells. The resulting p∆p1 
plasmid was then cleaved with XhoI and ligated to a PCR fragment containing the cat 
gene under the control of the MG_438 promoter. This PCR fragment was amplified from 
the pMTncat plasmid using primers cat/5 and cat/3, both including a XhoI restriction site. 
p∆p1cat plasmid was transformed into E. coli XL1-Blue cells.

	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	
	 	

		  2.15.5. pMTncatC87S

An exsite strategy was used to substitute the TGT codon coding for Cys87 to an AGT 
codon coding for Serine. The whole pMTncatmg491 plasmid was amplified using the 
phosphorylated oligonucleotide P-C87SMG491/5, which incorporates the substitution, and 

XbaI

XhoI

EcoRI

XhoI

EcoRI

bla

cat
HRC

colE1
origin

f1(+)
origin

MG_491

MG_219

p∆p1cat
6111 bp

Fig. M.5. p∆p1cat suicide plasmid used to delete 75 pb (marked with an empty triangle) from the Ct 
region of MG_491 gene from the M. genitalium genome. Restriction sites used for its construction are 
marked. cat gene confers resistance to chloramphenicol.
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the primer C87SMG491/3. The resulting lineal fragment was religated and transformed in 
E.coli XL1-Blue. 

	 		

	 		

	 		

	 		

	 		

		  2.15.6. pMTncatF157A-F158A

A similar exsite strategy was used to generate a mutant allele of MG_491 with the 
substitution of the Phe157 and Phe158 codons for alanine codons. The pMTncatMG491 
plasmid was amplified using the oligonucleotide FFAAMG491/5, which incorporates the 
intended mutations, and the phosphorylated oligonucleotide P-loop/3. The resulting lineal 
fragment was religated with T4 DNA ligase and transformed in E. coli XL1-Blue.

		  2.15.7. pMTncat∆loopL2

The exsite PCR was also used to generate an MG_491 allele lacking the coding sequence 
for residues N155-K160 in MG491 protein. The pMTncatMG491 plasmid was amplified 
using the oligonucleotide loop/5 and the phosphorylated oligonucleotide P-loop/3. This 
amplicon do not include the sequence coding for N155-K160 residues.  The resulting lineal 
fragment was religated with T4 DNA ligase and transformed in E. coli XL1-Blue. 

 

	 	

	 	

	 	

		  2.15.8. pMTncat∆Nt

The 855 bp 3’ coding sequence of MG_491 was amplified by PCR using primers 
MG491pr438ct/5 and MG491/3. Oligonucleotide MG491pr438ct/5 incorporates the 
sequence of the MG_438 promoter. The PCR fragment was excised with ApaI and XhoI 
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restriction enzymes and was ligated into a pMTncat plasmid also cleaved with ApaI and 
XhoI. The resulting pMTncat∆Nt plasmid was then transformed into E. coli XL1-Blue strain.

 

3. Protein analysis
	 3.1. Protein extraction from M. genitalium

Samples of total protein from the M. genitalium strains used in this work were prepared 
using standard protocols (Sambrook and Russell, 2001). Briefly, these strains were grown 
in 15 mL of SP-4 until reaching mid-log phase of growth. Then, cells were scrapped off the 
flask and centrifuged at 20 000 g 20 min. SP-4 medium was removed and the cells were 
washed three times in PBS (Sigma-Aldrich). Finally, they were resuspended in 150 µL of 
PBS and lysed by adding 50 µL of reducing protein loading buffer 4x (Tris-HCl 0.25M pH 
6.8, SDS 8%, Glycerol 40%, Bromophenol blue 0.2%, β-mercaptoethanol 20%). 

	 3.2. SDS- polyacrylamide gel electrophoresis (SDS-PAGE)

Protein profiles from the M. gentalium strains were analyzed in 7.5-15% acrylamide/
bisacrylamide gels (Sigma-Aldrich). The preparation of the gels were performed using 
standard procedures (Sambrook and Russell, 2001). Protein samples were run at 20mA until 
the bromophenol blue colorant reach the bottom of the gel. Then, proteins were visualized 
by staining with Coomassie Brilliant Blue R-250 (Sigma-Aldrich) and analyzed in a GS-
800TM Calibrated Densitometer (BioRad). BenchmarkTM Protein Ladder (Life Technologies) 
was used to determine the molecular weight of the visualized bands.

Fig. M.6. Schematic of the MG_491 alleles introduced in ∆mg491 cells in a mini-transposon. Coding 
sequences for helices α1, α2 and α3 and loops L1 and L2 are indicated. The C87S mutation is 
labelled with an asterisk (*) in the MG_491C87S allele. A double asterisk (**) is pointing to the F157A 
and F158A mutations in the MG491-F157A-F158A allele. Deletion of the 463-480 bp region from 
MG_491 coding for Asn155 to Lys160 is labelled with lines in the MG491-loopL2 allele.



105

G
. D

is
cu

ss
io

n

	 3.3. Western blot
The detection of a protein in the M. gentialium strains was assessed by detection with 
specific antibodies. To this purpose, total protein samples from these strains were separated 
by SDS-PAGE and transferred to a PVDF membrane (Millipore). Precision Plus ProteinTM 
Dual Xtra Standards (BioRad) was added in a lane to determine the molecular weight of 
the visualized bands. For the electrotransference of the proteins, SDS-PAGE gel and PVDF 
membrane were introduced in a Mini Trans-Blot® electrophoretic transfer cell (BioRad) 
following standard procedures (Sambrook and Russell, 2001) and submerged in cooled 
transference buffer (Tris 25 mM-glycine 192 mM pH 8.3, methanol 20%). 100V were applied 
during 1 hour for the electrotransference. 

The PVDF membrane was cleaned with PBS supplemented with Tween 20 0.05% (Sigma-
Aldrich) and incubated 1h with blocking solution (PBS supplemented with Tween 20 0.05% 
and BSA 1%). Then, the membrane was incubated with an appropriate dilution of the specific 
antibody in blocking solution, which was then detected with a secondary antibody (anti-
Rabbit or anti-Mouse) conjugated with peroxidase HRP (Life Techonologies). Visualization 
was performed in a Molecular Imager® VersaDoc™ after adding the LuminataTM Forte 
Western HRP substrate.

Antibody Antigen Nature Secondary Dilution Origin

Anti-P140** P140 Monoclonal Anti-mouse 1:1 000 (Morrison-Plummer et al., 1987)

Anti-P110** P110 Polyclonal Anti-rabbit 1:1 000 (Dhandayuthapani et al., 1999)

Anti-HMW1* MG312 Polyclonal Anti-rabbit 1:8 000 (Stevens and Krause, 1992)

Anti-HMW3* MG317 Polyclonal Anti-rabbit 1:5 000 (Stevens and Krause, 1992)

Anti-MG218 MG218 Polyclonal Anti-mouse 1:1 000 (Pich et al., 2008)

Anti-MG218c MG218Ct Monoclonal Anti-mouse 1:2 000 (Pich et al., 2008)

Anti-P41* MG491 Polyclonal Anti-rabbit 1:1 000 (Krause et al., 1997)

Anti-MG217 MG217 Polyclonal Anti-mouse 1:1 000 (Burgos et al., 2008)

Anti-MG219 MG219 Polyclonal Anti-mouse 1:1 000 González-González, Unpublished

Anti-P32C P32Ct Polyclonal Anti-mouse 1:2 000 González-González, Unpublished

* provided by Dr. Duncan Krause (UGA) and prepared against M. pneumoniae ortholog.

** provided by Dr. Joel Baseman (UTHSCSA)

Table M.1. Primary antibodies used in this work
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4. Quantification of the hemadsorption of mycoplasma strains

	 4.1. Purification of human erythrocytes

Samples of 0.250 mL of peripheral blood were extracted from a human healthy donor using 
Ames MiniletTM Lancets (Bayer). The red blood cells (RBCs) were washed three times 
with 10 mL of Dulbecco’s phosphate buffered saline containing 0.9 mM CaCl2 and 0.49 
mM MgCl2 (PBSCM, Sigma-Aldrich Corp.) and resuspended in 25 mL of the same buffer. 
Special care was taken to remove the upper layer of white blood cells (WBCs) in the RBCs 
pellet. The stock of RBCs obtained by this method was stored on ice and used in the 
interval of four hours in the HA assay. Written informed consent was obtained from the blood 
donor. All the procedures were under the guidelines established by the Human and Animal 
Experimentation Ethics Committee (CEEAH) of UAB and approved by this committee. 
Human RBCs prepared following this instructions were used in qualitative and quantitative 
hemadsorption of mycoplasma assays.

	 4.2. Qualitative hemadsorption assay

The capacity of a mycoplasma strain to bind erythrocytes have been investigated by 
qualitative and quantitative methods. For the qualitative hemadsorption assay, cells of the 
mycoplasma strain were diluted to 10-5-10-7 and seeded on SP-4 agar plates as previously 
described. After two weeks, 2 mL of a 1:100 suspension of human erythrocytes in PBS 
was added to the plates and incubated 1h at 37ºC. Then, unattached erythrocytes were 
removed by washing the plates three times with PBS. Finally, the colonies of mycoplasmas 
were visualized and photographied in a LeicaMZFLIII stereomicroscope.

	 4.3. Quantitative hemadsorption assay

In this work, we have developed a new method to quantify the hemadsorption of mycoplasma 
strains by flow cytometry. Fluorophore SYBR Green I (Life technologies) binds to nucleic 
acids and was selected fort this method due to the different content of nucleic acids between 
mycoplasma cells and erythrocytes. After this staining, populations of mycoplasma cells, 
mycoplasma aggregates, RBCs and RBCs with attached mycoplasmas can be separated 
and measured. A detailed protocol is provided here.	

		  4.3.1. Preparation of the mycoplasma stock

Mycoplasma strains were grown as previously described. Both adherent mycoplasma 
cells scrapped off the tissue culture flasks and cells growing in suspension were recovered 
by centrifugation 20 minutes at 20 000 g and resuspended in 0.5 mL of culture medium. 
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Mycoplasma cells were passed ten times through a syringe with a 25G needle and stored 
on ice.

		  4.3.2. Titration of the mycoplasma and RBCs stock

The different mycoplasma samples were first diluted 1:200 in culture medium. Then, 20 µL 
of these suspensions were diluted again in 0.5 mL of PBSCM and stained with SYBR Green 
I at a 1:10 000 (v/v) dilution from the commercial stock for 20 min protected from light. At 
the same time, a sample of 0.5 mL of PBSCM containing 20 µL of SP4 medium was stained 
by the same procedure and was used as negative control. Similarly, the stock of RBCs was 
diluted 1:150 in PBSCM and stained also with SYBR Green at a 1:10 000 dilution.

Samples were titrated by FC using a FACSCalibur (Becton Dickinson) equipped with an 
air-cooled 488 nm argon laser and a 633 nm red diode laser. Side-angle-scatter (SSC-H), 
green fluorescence (FL1-H detector, 530/30 filter) and red autofluorescence (FL3-H detector, 
670LP filter) were used to quantify the different cell types used. FC data was acquired in 
four-decade logarithmic scale and the samples were measured during 90 seconds at the 
lowest flow rate (12 µL min−1) to increase the resolution of readings. The primary threshold 
was set at 11 units of SSC-H and the secondary threshold at 27 units of FL1-H. FC data 
were analyzed with the CellQuest-Pro software (Becton Dickinson) and contour plots were 
made using FACSDiva software (Becton Dickinson). 

To identify and titrate mycoplasma cells and RBCs, several dilutions of the fresh mycoplasma 
stock containing the same amount of SP-4 medium and several dilutions of RBCs stock 
were used. Total fluorescence units of FL1-H were calculated by multiplying the FL1-H 
mean value by the total number of events in the analyzed region. The total fluorescence is 
a measure the mycoplasma cell mass once subtracted the total fluorescence of this region 
in the negative control sample. Events in R2 region indicates the RBCs concentration when 
subtracted the number of events in the corresponding region of the negative control.

The viability of mycoplasma cells was assessed in a sample of SYBR Green I stained 
mycoplamas by adding propidium iodide (PI) to the mixture at a final concentration of 2 µg 
mL−1. Non viable cells were expected to show increased FL3-H fluorescence values when 
analyzed by FC. To define the region containing non-viable mycoplasmas, a mycoplasma 
sample containing SYBR Green I and propidium iodide was permeabilized with 0.015% 
Triton X-100 (Fluka) just before submitting the sample to FC analysis.

	 4.3.3. Hemadsorption reaction

A fixed amount of mycoplasma cells (about 3·107 FL1-H fluorescence units) was incubated 
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with increasing amounts of RBCs (from 0 to 107 FC events) in 1 mL of PBSCM. It was found 
essential for reproducible results that mycoplasma culture medium in the hemadsorption 
reaction was at least 5% (v/v). We used the following bank of conditions:

The same bank, but without mycoplasma cells, was used to substract the background in R1 
and to enumerate the actual RBCs in each dilution. Samples were gently mixed end-over-
end for 40 min at 37 ºC and then SYBR Green was added at a 1:10 000 dilution and stained 
for 20 min protected from light. The fraction of free mycoplasma cells remaining after the 
HA reaction was quantified by FC as described above and plotted versus the amount of 
RBCs. Plots and data fitting to inverse Langmuir isotherm curves were performed by using 
the KaleidaGraph software (Synergy).

After FC analyses, some of the samples of RBCs mixed with mycoplasmas were examined 
by phase contrast and epifluorescence using a Nikon Eclipse TE2000e microscope. Pictures 
obtained with a Digital Sight-SMC Nikon camera were processed using the NIS-Elements 
BR software.

5. Techniques in microscopy
	 5.1. Localization of P32:mCherry by epifluorescence microscopy

Samples of G37 WT, ∆mg491, ∆mg218, G37-P32Ch, ∆mg491-P32ch and ∆mg218-P32ch 
strains were grown in 0.2 mL of SP-4 O/N in 8-well μ-slides ibiTreat (Ibidi). Then, SP-4 
medium was removed and slides were washed three times in Buffer A (phosphate buffer 
10 mM pH 7.2, sodium chloride 150 mM). Cells were observed by phase contrast and 
epifluorescence in a Nikon Eclipse TE 2000-E inverted microscope in the presence of 
Buffer A supplemented with Hoechst 33342 0.01 mg mL-1. Phase contrast images and 
DAPI (excitation 387/11 nm, emission 447/60 nm) and Texas Red (excitation 560/20 nm, 
emission 593/40 nm) epifluorescence images were captured with a Digital Sight DS-SMC 
Nikon camera controlled by NIS-Elements BR software.

Tube PBSCM (µL) RBC (µL) Medium (µL) Mycoplasma (µL)
1 947 3 20 30
2 940 10 20 30
3 920 30 20 30
4 890 60 20 30
5 850 100 20 30
6 750 200 20 30
7 650 300 20 30
0 950 0 20 30

Table M.1. Bank of conditions.

The RBCs stock was diluted to 2·107 events·mL-1 in PBSCM and the mycoplasma stock was diluted 
to 1·109 units of total FL1-H fluorescence. The 0 sample was used to calculate the actual number of 
mycoplasma cells in the experiment
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	 5.2. Time-lapse microcinematography

Gliding properties of G37 WT and mutant strains were analyzed by time-lapse 
microcinematography. For this purpose, M. genitalium samples from mid-log phase cultures 
were diluted 1:200 and grown in 0.2 mL of SP-4 O/N on 8-well μ-slides ibiTreat (Ibidi). 
∆mg491 and ∆mg218 strains were only diluted 1:4. Prior observation, medium was replaced 
with fresh SP-4 medium prewarmed at 37 ºC and cell movement was examined at 37ºC 
and 5% CO2 using a Nikon Eclipse TE 2000-E inverted microscope. Images were captured 
at 2 sec intervals for a total of 2 min for G37, ∆mg491, ∆mg491-mg491cat, mg491-∆p1, 
∆p1TC6, mg491-C87S, mg491-F157A-F158A, mg491-∆loopL2 strains and mg491-∆Nt; at 
5 min intervals for a total of 30 minutes for ∆mg491-P32ch and ∆mg218-P32ch strains; and 
every 30 minutes for a total of 16 hours for ∆mg491 and ∆mg218 strains. Analysis of the 
gliding properties was performed using the ImageJ 1.48v software with the MTrack2 plugin 
(http://imagej.nih.gov/ij). The frequency of motile cells as well as the frequency of resting 
periods (cell stoppings of more than 5 sec) was determined by examining 200 isolated cells. 
The mean velocity was measured from at least 25 motile, isolated cells. The diameter of 
the tracks drawn by G37, mg491-∆p1 and ∆p1TC6 was measured from 100 motile, isolated 
cells. The mean velocity of the filament extension was determined by measuring the position 
at 5 min intervals of the extending tips in 10 isolated filaments.

	 5.3. Scanning electron microscopy

M. genitalium G37 WT and mutant strains were grown until mid-log phase over glass 
coverslips. These samples were washed three times with PBS, fixed with glutaraldehyde 1% 
in PBS 1 hour and dehydrated by soaking the coverslips 10 min in increasing concentrations 
of ethanol (30%, 50%, 70%, 90% and 100%). The coverslips were then critical point 
dried in a K850 Critical point dryer (Quorum technologies) and sputter coated with gold. 
Sample preparation and examination in a Merlin scanning electron microscope (Zeiss) was 
performed at Servei de microscòpia of the UAB.	

	 5.4. Cryo-EM imaging

M. genitalium G37 WT and mutant strains were grown in SP-4 medium over holey carbon-
coated grids O/N at 37ºC. Each grid was washed with PBSCM, blotted to remove the liquid 
excess and immediately plunged into liquid ethane in the Leica EM CPC cryoworkstation 
(Leica Microsystems). The grids were transferred to liquid nitrogen and then to a 626 Gatan 
cryoholder (Gatan) and maintained at -179ºC during imaging. The grids were examined on 
a JEOL 2011 transmission electron microscope operating at an accelerating voltage of 200 
kV. Micrographs were recorded on a Gatan USC1000 (Gatan) camera under low electron 
dose conditions to minimize the damage by the electron beam radiation. A moderate 
underfocus (between -30 and -15 µm) was used to increase contrast of the samples. 
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