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Summary

Members of the genus Mycoplasma and the class Mollicutes are highly unusual
organisms in that they lack a cell wall, are orders of magnitude smaller than most
known bacteria, and have minimalist genomes. This lineage of bacteria has undergone
intensive degenerate evolution, and as such, all species are obligate parasites that must
live in association with other organisms. Most species are commensals or causes of
minor infections, but a small number are major pathogens that contribute to substantial
economic losses relating to both human and animal infections. Finally, the reduced
genome size of Mollicutes made them excellent targets for pioneering work in genome
sequencing projects, attempts to define the minimal genome required for life, and the
creation of the first known self-replicating synthetic cells. This chapter represents an
overview of the cellular biology, clinical diseases, and societal impacts of mycoplasmas.
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1. Introduction to Mycoplasmology
1.1. History of Mycoplasmology
The first clinically recognized mycoplasmosis, contagious bovine pleuropneumonia
(CBPP), was caused by the first mycoplasma to be grown in culture, Mycoplasma
mycoides subspecies mycoides (formerly termed “variant small colony (SC)”). The
genus Mycoplasma was given its name in 1956, long after the first recognition of
mycoplasmosis. This delay in apt nomenclature is highly atypical and stemmed from an
inability to resolve many seemingly paradoxical findings. The causative agent of CBPP
could pass through filters typically used to remove bacterial cells and could not be
viewed by light microscopy.
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Conversely, this entity was able to grow in the absence of eukaryotic cells, yet seemed
to require several eukaryotic cell components for viability. Mycoplasma mycoides
displayed characteristics of both bacteria and viruses, and as such it was the first of a
short-lived category of pathogens, the pleuropneumonia-like organisms (PPLOs).
Multiple theories surfaced regarding the identity and origin of mycoplasmas.
Kleineberger et al. suggested that mycoplasmas were L-forms (L-phase variants)
(Klieneberger, 1939), a notion that was later refuted by Razin et al. in 1969. The
contradictory work demonstrated that PPLOs seemed to have smaller genomes and
lower guanine+cytosine (G+C) contents than those of L-forms, which retain the traits of
their parent species (Razin, 1969). As evidence mounted that mycoplasmas were a
unique and simplistic variety of bacteria, the proposition was made that they were the
progenitors of more complex bacteria (Wallace and Morowitz, 1973).
The confusion recurred when the causative agent of human primary atypical
pneumoniae (PAP) was cultured in chicken embryos and fulfilled Koch’s postulates by
producing disease in hamsters and rats (Meiklejohn et al, 1945). As the infectious agent
was filterable, could not be visualized by light microscopy, and was resistant to
penicillin, the authors concluded that it was an unknown virus, and termed it Eaton’s
agent. Attempts to culture Eaton’s agent in PPLO medium were unsuccessful, adding to
the notion that it was a viral agent. Subsequent studies showed sensitivity to other
antibacterial compounds (Eaton and Liu, 1957; Eaton et al, 1951), and eventually
growth in an alternate cell-free medium. Eaton’s agent was reclassified and renamed
Mycoplasma pneumoniae (Chanock, 1963).
The complex and textured nature of the history of mycoplasmas is easily understood in
retrospect. It is now clear why these bacteria displayed certain characteristics normally
associated with viruses. Two such characteristics, the observations that the agents of
CBPP and PAP could pass through filters and could not be visualized by light
microscopy, is due to the currently known size of mycoplasmas. Copious studies using
electron microscopy to visualize mycoplasmas demonstrated that they are 200-500 nm;
making them more comparable in size to viruses than other bacteria.
The observation by Meiklejohn et al. that the agent of PAP could grow in chicken
embryos in the presence of penicillin despite being bacterial (Meiklejohn et al, 1945) is
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also explainable by subsequent data. The antimicrobial mechanism of penicillin
involves breaking down the peptidoglycan layer of the bacterial cell wall (Fisher, 1946).
It became clear 15 years after the initial description of Eaton’s agent that mycoplasmas
lack cell walls, and are enclosed only by a sterol-containing cell membrane. Such
organisms would obviously have an intrinsic resistance to penicillin.
The final observations used to conclude that the agent of PAP was caused by a virus
were the growth of the agent in chicken embryos and lack of viability of the agent in
cell-free culture. Culture media used in an attempt to cultivate Eaton’s agent included
the medium intended to grow PPLOs (developed for growth of M. mycoides), which
was considerably more rich than typical bacterial growth media. Eaton’s agent required
eukaryotic cells, or so it seemed.
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The cultivation of Eaton’s agent by Chanock et al. in 1960 (Chanock et al, 1960) in a
cell-free medium (PPLO medium supplemented with horse serum and yeast extract,
now known as Hayflick’s medium) led to the recognition of this agent as a mycoplasma.
Though the newly-named M. pneumoniae cells were free-living, self-replicating entities,
it was clear that they were heavily reliant on eukaryotic components for growth. It was
proposed that mycoplasmas, though bacterial rather than viral pathogens, were prone to
parasitism.
1.2. Evolution and Taxonomy

Mycoplasmas fall within the class Mollicutes (phylum Tenericutes). As there are more
than 160 distinct Mycoplasma species and 8 distinct Ureaplasma speciesaccording the
Bergey’s Manual of Systematic Bacteriology (Brown et al, 2010), further classification
of the Mycoplasmataceae was undertaken. Mycoplasma species are subdivided into
groups, and then into clusters. Phylogenitc analysis based on the 16S rRNA gene clearly
indicates that the Mollicutes belong to the clade of gram-positive bacteria despite
lacking a cell wall.
Mollicutes have undergone extensive reductive evolution enabled by living in associated
with eukaryotic hosts, and thus have very small genome sizes. Genetic material is lost
through obsolescence as bacteria adapt to living in conjunction with a host, either
parasitically or mutualistically. At present, the complete genomes of thirty Mollicutes
(twenty-seven mycoplasmas) have been sequenced (see Table 1).
An examination of these genomes reveals, among many other things, that mycoplasmas
lack biosynthetic capabilities, thus explaining their extreme host dependence. In
addition to earlier studies contradicting the notion of mycoplasmas being the
progenitors of more complex bacteria (Neimark, 1967; Neimark and Pene, 1965; Woese
et al, 1980), the complete genomes clearly indicate that these species have evolved
degenerately.
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Genome
Size
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Type
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Open
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M. agalactiae
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0.88

Yes

0.97

27%

839

Yes

158L3-1

0.82

30%

631

No

M. bovisb

PG45

1.0

29%

868
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M. capricolum
sbsp capricolumb
M. capricolum
sbsp
capripneumoniae
M. conjunctivae

California
kid
M1601

1.0

23%
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Yes

1.01

23%
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No

SirandPugnet et al,
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Brown et al,
2011
Dybvig et al,
2008
Wise et al,
2011
Glass et al,
2007
Chu et al,
2011
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M. arthritidis
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M. crocodyli
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Yes

M. fermentansb
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No

M. gallisepticumb

R
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No

M. genitaliumb
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Yes

M. haemofelisb
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Yes

M.
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657

No
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M. leachii
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1.01
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M. mycoides
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Mollicutes species
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26%
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0.83
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M. suisb
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31%
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M. synoviae
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Phytoplasma
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al, 2001
Calcutt and
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Messick et al,
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Lazarev et al,
2011
Bai et al,
2009
Knight et al,
2004

S
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M. putrefaciens
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Glass et al,
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M. pulmonis

NOTE: This table is current as of this publication. Additional genome sequencing projects are currently
ongoing, and thus this table is by its nature likely to be incomplete
a
NA = not applicable, due to non-culturable status of the species
b
Data for additional strains or serovars have also been reported

Table 1. Characteristics of Sequenced Mollicutes Genomes

1.3. Metabolism and Cell Biology

Mycoplasma cells are highly pleiomorphic due to the lack of a cell wall, and form
colonies with “fried egg” morphology when grown on solid agar. A minority of species
exhibit polarity due to internal cytoskeletons (Fig. 1, Fig. 2).
These structures seem to have arisen from multiple distinct evolutionary events based
on the dissimilarity of the proteins composing and regulating them, and the function of
the polar structure. In several species these structure are associated with cell motility,
cytadherence, or both (Balish and Krause, 2006). The cellular machinery used for
gliding motility differs between species depending on the composition of the
cytoskeleton; similarly, the mechanism(s) for cytadherence and the target of cell
attachment vary grately by species.
Mycoplasmas have limited capacity for metabolic function, lacking all anabolic and
many metabolic and catabolic pathways. The functions that remain are involved in
energy generation rather than biomolecule synthesis, as they have evolved mechanisms
to rely on their hosts for the latter. Pathways for energy generation are also minimal, as
mycoplasmas lack the machinery necessary for the tricarboxylic acid cycle and other
mediators of oxidative phosphorylation (Razin et al, 1998). Mollicutes have been
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demonstrated to catabolize a limited number of sugars, arginine, organic acids, urea, and
alcohols for energy generation.
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Figure 1. Mycoplasma Cellular Morphology. Most Mycoplasma cells are highly
pleiomorphic due to the lack of a cell wall, and are exemplified here by Mycoplasma
gallinarum (A). A minority of species exhibit polarity due to internal structures,
represented by Mycoplasma genitalium (B). Scanning electron microscopy images are
presented courtesy of M. F. Balish.

Figure 2. Mycoplasma Colony Morphology. The classical appearance of Mycoplasma
colonies on solid agar are said to resemble fried eggs, as exemplified by Mycoplasma
anatis (A). Some species have an umbonate (Mycoplasma canis, B) or granular
(uncharacterized Mycoplasma species, C) appearance. Colonies images are presented
courtesy of D.R. Brown.

Acid-producing mycoplasmas generate much of their energy from glycolysis primarily
via glucose utilization, although additional complex glycans can be catabolized by
certain species (Abu-Groun et al, 1994; Dahl and Dahl, 1984; Matsuda et al, 1997;
Miles et al, 1986). The byproducts of these pathways result in the accumulation of
acidic compounds, which results in the characteristic downward pH shift of the culture
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medium of these organisms (May et al, 2008). Some mycoplasmas hydrolyze arginine
as a means of energy generation.
This occurs through the arginine dihydrolase pathway, which requires only three
enzymes. Hydrolysis of arginine results in the accumulation of ammonia, resulting in
the characteristic upward pH shift of the culture medium. Some species, such as M.
fermentans, are capable of utilizing both sugars and arginine as carbon sources (Brown
et al, 2010; Brown et al, 2010). Culture medium pH shifts can be used diagnostically as
an adjunct to additional techniques (May et al, 2008).
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A relatively small number of mycoplasmas have been shown to catabolize organic acids
and alcohols as carbon sources. These less common carbon sources include lactic acid,
pyruvic acid, and oxobutyric acid, and ethanol, isopropanol, and glycerol (Khan et al,
2005; Razin et al, 1998; Taylor et al, 1994). The catabolism of glycerol leads to the
production of hydrogen peroxide, which is now considered to be a component of the
virulence of multiple species (Megid et al, 2001; Niang et al, 1998; Pilo et al, 2005).
Certain Mollicutes rely on more complex sources of energy as either a primary or
secondary source. The hydrolysis of urea for energy has only been observed for species
of Ureaplasma. Urease inhibitors are toxic to ureaplasmas, indicating that urea may act
as a sole a carbon source (Razin, 1978; Romano et al, 1980; Smith et al, 1993). In
addition, the potential exists for sialic acid, hyaluronic acid, N-acetylglucosamine, and
glucuronic acid to serve as nutritional supplements in the small number of species with
genes for catabolism of these glycans (Brown et al, 2004; May and Brown, 2008;
Vasconcelos et al, 2005). Experimental confirmation of this utilization remains an
ongoing field of study.
The complete lack of anabolic pathways in mycoplasmas is compensated for by an
overrepresentation of transport-associated proteins, most commonly ATP-binding
cassette transporters (ABC transporters). These integral membrane proteins are highly
promiscuous transporters that facilitate the uptake of biomolecules (Saurin and Dassa,
1996). Sugar phosphotransferase transport systems (PTSs) are also found in
fermentative Mycoplasma species (Razin et al, 1998). It is likely that multiple other
transport mechanisms exist to compensate for the limited biosynthetic capabilities of
mycoplasmas.
1.4. Molecular Biology of Mycoplasmas

A major hurdle that has yet to be overcome is the limited ability at present to genetically
manipulate mycoplasmas. With notable exceptions, mycoplasmas do not appear to
harbor naturally occurring self-replicating plasmids, and attempts to transform them
with commercial cloning vectors have failed. Success with targeted disruption of genes
in order to determine their function has been rare for all species but Mycoplasma
genitalium. Gene and protein function in mycoplasmas, much like any other species, is
most often determined by examining deletion mutants. Mutants are typically obtained
by random insertion of transposons such as Tn916 or Tn4001 (Dybvig and Cassell,
1987; Mahairas and Minion, 1989). Several modifications (Table 2) have since been

©Encyclopedia of Life Support Systems (EOLSS)

MEDICAL SCIENCES – Mycoplasmology - Meghan May, Amanda V. Arjoon, Jessica A. Canter, Dylan W. Dunne and Brittney
Terrell

made to Tn4001 (Hahn et al, 1999; Knudtson and Minion, 1993; Pour-El et al, 2002),
rendering it one of the most widely used molecular tools in mycoplasmology.
Origin

Tn916

Streptococcus

Tn4001

Staphylococcus

Tn4001mod

Staphylococcus
Tn4001
Staphylococcus
Tn4001
Staphylococcus
Tn4001

Tn4001cat
MiniTn4001tet

Staphylococcus
Tn4001

Reporter
Gene
None

Notes/Distinctions

Large; inefficient; first
mycoplasma transpositions
Gentamycin
None
Efficient; more widely used;
replaced Tn916
Gentamycin
None
Multiple cloning site; gene
delivery and expression
Chloramphenicol
None
Multiple cloning site;
alternative resistance
Tetracycline
None
Multiple cloning site;
alternative resistance;
limited mobility
Gentamycin
βPromoterless lacZ;
galactosidase assessment of promoter
strengths

U
SA NE
M SC
PL O
E -E
C OL
H S
AP S
TE
R

Tn4001lac

Resistance
Marker
Tetracycline

S

Transposon

Table 2. Characteristics of Commonly Used Transposons in Mycoplasma spp.

Because mycoplasmas do not successfully carry commercial plasmid vectors, artificial
plasmids containing the chromosomal origin of replication have been developed and are
termed OriC plasmids (Renaudin and Lartigue, 2005). Distinct vectors must be
generated for each species. Successful expression of genes has been described for
Spiroplasma citri, Mycoplasma pulmonis, Mycoplasma mycoides subspecies capri, M.
mycoides subspecies mycoides, M. capricolum, M. gallisepticum, and M. agalactiae
(Chopra-Dewasthaly et al, 2005; Cordova et al, 2002; Renaudin and Lartigue, 2005;
Renaudin et al, 1995; Ye et al, 1994). In addition, artificial plasmid vectors have been
made based on sequences of integrative conjugal elements (ICE), which are found
naturally occurring both intra- and extrachromosomally in certain Mycoplasma species
(Brown et al, 2010). A small number of Mollicutes species (Mycoplasma arthritidis,
Mycoplasma pulmonis, Mycoplasma fermentans, and multiple Spiroplasma species) are
hosts to bacteriophage (Dybvig and Cassell, 1987; Röske et al, 2004; Voelker et al,
1995). None of the bacteriophage infecting mycoplasmas has been successfully used to
deliver genes via transduction. Only the virus SpV1, that infects Spiroplasma citri, has
been successful (Marais et al, 1993; Stamburski et al, 1991). A factor complicating the
cloning and expression of mycoplasmal genes in other bacteria is the usage of the UGA
codon to encode tryptophan, making it difficult to express their genes in other bacteria
without altering the gene first. Strides have been made in recent years toward expanding
the repertoire of molecular tools available for use in mycoplasmas. Commonly used
molecular tools are presented in Table 3.
Though the isolation of the first PPLO, much later named M. mycoides, occurred fairly
early in the discipline of medical microbiology, the implications of the findings were
not appreciated until much later. The eventual realization that these pathogens, which
blurred the contemporary line between bacteriology and virology, were minimalist
bacteria led to the powerful suggestion that they preceded complex life. The observation

©Encyclopedia of Life Support Systems (EOLSS)

MEDICAL SCIENCES – Mycoplasmology - Meghan May, Amanda V. Arjoon, Jessica A. Canter, Dylan W. Dunne and Brittney
Terrell

that mycoplasmas were parasitic naturally begged the question of how they could
possibly have been progenitors. Such queries led to the notion that bacteria can adapt to
their niches in a reductive fashion, an important concept in pathogen evolution.
Description
See Table 2

OriC Plasmids

Commercial
vector + species
origin of
replication
Commercial
vector +
mycoplasmal
ICE element
Tn4001 mini Tet
with pac gene

ICE vectors

Features
Random insertion, in
trans expression
Direct cassette insertion,
in cis expression

Gene expression,
homologous
recombination

Direct cassette insertion,
in cis expression

Gene disruption,
gene expression

Random insertion, in
trans expression,
puromycin selection
Specific genome design

U
SA NE
M SC
PL O
E -E
C OL
H S
AP S
TE
R

psPuro

Uses
Gene disruption,
gene expression
Gene expression,
homologous
recombination

S

Tool
Transposons

Genome
Synthesis

Genome
Transplantation

In vitro genesis
of designed
chromosome
Insertion of
chromosome
into an existing
membrane

Generation of
artificial
chromosome
Expression of
artificial or
heterologous
chromosome

Synthetic cell generation,
species reassignment

Table 3. Molecular Tools Used in Mycoplasmology

2. Clinical Manifestations of Mycoplasmosis

Infections with Mycoplasma species exhibit a spectrum of clinical manifestations
ranging from asymptomatic states to fulminant inflammatory diseases with high
mortality rates. Despite these extremes, the classical manifestation (without clinical
intervention) is a chronic inflammatory illness that is not typically fatal, though this is
the normal state for a small number of mycoplasma such as M. alligatoris and M.
mycoides subsp. mycoides. Often these infections are compounded by secondary
pathogens, resulting in more severe disease with higher rates of morbidity and mortality.
The primary sites of most mycoplasmal infections are mucosal surfaces. The
establishment of infection is mediated by attachment to the epithelium, where they exist
as surface pathogens. Additionally, mounting evidence suggests that multiple species
have invasive capabilities and that intracellular phases may be part of the infectious
process (Andreev et al, 1995; Dallo and Baseman, 2000; Díaz-García et al, 2006; Jensen
et al, 1994; Tarshis et al, 2004; Taylor-Robinson et al, 1991; Winner et al, 2000;
Yavlovich et al, 2004). As highly adapted parasites, mycoplasmas tend to exhibit host
specificity and tissue tropism, although exceptions to both rules have been extensively
documented. The number of distinct Mycoplasma species is large, and as such, detailed
clinical descriptions of the disease state of each are not provided. Tables 4-6 describe
mycoplasmosis of humans and animals.

©Encyclopedia of Life Support Systems (EOLSS)

MEDICAL SCIENCES – Mycoplasmology - Meghan May, Amanda V. Arjoon, Jessica A. Canter, Dylan W. Dunne and Brittney
Terrell

2.1. Human Disease
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Community-acquired pneumonia and other manifestations of M. pneumoniae
Clinical manifestations of upper respiratory tract infections by M. pneumoniae most
commonly include pharyngitis and laryngitis, and those of the lower respiratory tract
include tracheitis and interstitial pneumonia. The latter is clinically referred to as
“community-acquired pneumonia” in addition to PAP, and commonly referred to as
“walking pneumonia”. Symptoms include low-grade fever, non-productive cough, and
chest pain. Community-acquired pneumonia outbreaks are frequently associated with
close quarters and stress, and as such are often associated with military barracks or
student dormitories. Post-infectious complications following community-acquired
pneumonia disease can include the development or exacerbation of asthma and
secondary ear infections, and rarely Guillain-Barré syndrome, Stevens-Johnson
syndrome, Bell’s Palsy, optic neuritis, or demyelinating disorders. Atypical
manifestations of M. pneumoniae infections are depicted in Figure 3.

Figure 3. Atypical Manifestations of Mycoplasma pneumoniae Infection. The primary
clinical presentation of M. pneumoniae infection is primary atypical pneumonia
(community-acquired pneumonia); however, many additional manifestations have been
described.
Sexually-acquired mycoplasmosis
Urogenital infection with M. genitalium, M. hominis, and Ureaplasma species can be
detected in asymptomatic patients; however, numerous studies have explored the
correlation of patient infection with several urogenital lesions. The clinical states
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associated with Ureaplasma spp. and M. hominis appear to be strain- or patient-specific,
and can include nongonococcal urethritis (Ureaplasma spp.), bacterial vaginosis (M.
hominis), spontaneous abortion, or preterm labor (both organisms) (Waites and
Talkington, 2005). The role of M. genitalium in nongonococcal urethritis, pelvic
inflammatory disease, spontaneous abortion, and infertility is much less ambiguous, and
it is consequently considered an emerging urogenital pathogen (McGowin and
Anderson-Smits, 2011). Infection with M. genitalium has been associated with
increased shedding of human immunodeficiency virus (HIV) particles in one study
(Manhart et al, 2008), but did not appear to influence shedding rates in another (Gatski
et al, 2011). Because of the enormous public health consequences involved, the notion
that M. genitalium may facilitate HIV transmission requires further study.
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Infection of pregnant women with Ureaplasma spp. has been associated with preterm
labor and premature rupture of membranes. Disruption of the physical barrier between
organisms present in the vagina and a perinatal infant can result in infection of the
respiratory tract or central nervous system of the infant. Congenital and neonatal
pneumonia is a grave concern of preterm infants, and Ureaplasma spp. have been
included as causal agents. Chronic lung conditions can persist in these infants following
the resolution of infection. Ureaplasma and M. hominis have also been implicating in
neonatal meningitis following premature rupture of the membranes (Washburn et al,
1980).
-
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article describes immunopathology associated with porcine enzootic pneumonia].

U
SA NE
M SC
PL O
E -E
C OL
H S
AP S
TE
R

S

8. Athanasopoulos, A.N., Economopoulou, M., Orlova, V.V., Sobke, A., Schneider, D., Weber, H.,
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describes early explorations into antimicrobial therapy for “Eaton’s Agent” (Mycoplasma pneumoniae)].
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61. Hames, C., Halbedel, S., Hoppert, M., Frey, J., and Stülke, J. (2009) Glycerol metabolism is important
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and immunomodulatory purposes].
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chemokines in human monocytes by Mycoplasma fermentans-derived lipoprotein MALP-2. Infect Immun
67, 6303-6308[This article describes components of the immunopathologic response of human immune
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antibody in the protection of mice from arthritis induced by Mycoplasma pulmonis. Clin Exp Immunol 47,
253-259[This article describes an important correlate of immunity to M. pulmonis infection].
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83. King, S.J., Hippe, K.R., and Weiser, J.N. (2006) Deglycosylation of human glycoconjugates by the
sequential activities of exoglycosidases expressed by Streptococcus pneumoniae. Mol Microbiol 59, 961974[This article describes the systematic removal of sugars from the host extracellular matrix down to the
cell surface by a collective action of a suite of glycosidases by S. pneumoniae].
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describes the first generation of a living synthetic cell, wherein the chromosome was synthetically
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vaccine antigens, or detoxify contaminants].
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hyopneumoniae with a possible role in H2O2 detoxification. Microbiology 155, 3411-3419[This article
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from the toxic effects of the H 2O2 it produces].
94. Mahairas, G.G., and Minion, F.C. (1989) Random insertion of the gentamicin resistance transposon
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Derivatives of this transposon as among the most commonly used molecular tools in mycoplasmology].
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This would have profound public health implications].
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active-site residues of dispersin B, a biofilm-releasing beta-hexosaminidase from a periodontal pathogen,
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a Mycoplasma mycoides subsp. mycoides SC capsular polysaccharide-specific antigen detection latex
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to detect the agent of contagious bovine pleuropneumonia (CBPP) by detecting bacterial capsule material.
Rapid diagnosis of CBPP is crucial for control of outbreaks].
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104. May, M., and Brown, D.R. (2008) Genetic variation in sialidase and linkage to N-acetylneuraminate
catabolism in Mycoplasma synoviae. Microb Pathog 45, 38-44[This article describes sequence diversity
in the sialidase gene of M. synoviae, and concludes that sialic acid is unlikely to play a nutritional role in
the ecology of the organism].
105. May, M., Whitcomb, R. F., and Brown, D. R. (2008) Mycoplasmas and Related Organisms. In E.
Goldman (Ed.), The Practical Handbook of Microbiology. Boca Raton, FL: Taylor and Francis
Group[This textbook chapter describes the taxonomy of the Mollicutes, and treatment and control
measures applied to agents of human and veterinary mycoplasmosis].
106. May, M., and Brown, D.R. (2011) Diversity of expressed vlhA adhesin sequences and intermediate
hemagglutination phenotypes in Mycoplasma synoviae. J Bacteriol 193, 2116-2121[This article describes
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Dis 51, 829-833[This article is the initial description of sialidase activity in M, synoviae].
108. May, M., Papazisi, L., Gorton, T.S., and Geary, S.J. (2006) Identification of fibronectin-binding
proteins in Mycoplasma gallisepticum strain R. Infect Immun 74, 1777-1785[This article describes
attachment and adherence of M. gallisepticum to host fibronectin, and describes an atypical
transmembrane domain].
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109. McAuliffe, L., Ellis, R., Miles, K., Ayling, R., and Nicholas, R. (2006) Biofilm formation by
mycoplasma species and its role in environmental persistence and survival. Microbiology 152, 913922[This article describes a survey of several ruminant mycoplasmas for biofilm formation, which aids
the organisms in extended survival on surfaces and increased protection from antimicrobials].
110. McGowin, C.L., and Anderson-Smits, C. (2011) Mycoplasma genitalium: an emerging cause of
sexually transmitted disease in women. PLoS Pathog 7, e1001324[This article describes a retrospective
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112. Meiklejohn, G., Eaton, M.D., and van Herick, W. (1945) A clinical report on cases of primary
atypical pneumonia caused by a new virus. J Clin Invest 24, 241-250[This case report represents one of
the earliest case reports of primary atypical pneumonia].
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mycoides on media containing various sugars and amino sugars: an ampoule microcalorimetric study.
Microbios 45, 7-19[This article describes an extensive characterization of the metabolic capacity of M.
mycoides subsp. mycoides].
114. Miller, J. (2010) A step to artificial life: Manmade DNA powers cell. In: Ethics Illustrated:
Associated Press[This press report is a commentary on the ethics and issues associated with synthetic
cells].
115. Minion, F.C., and Goguen, J.D. (1985) Trypsin-sensitive, bovine serum albumin-dependent
hemolysis activity in Mycoplasma pulmonis. Infect Immun 49, 440-442[This article describes a protein
toxin that destroys erythrocytes made by M. pulmonis].
116. Minion, F.C., and Jarvill-Taylor, K. (1994) Membrane-associated hemolysin activities in
mycoplasmas. FEMS Microbiol Lett 116, 101-106[This article describes a survey of twenty-nine
mycoplasmas for erythrocyte toxicity].
117. Mizutani, H. (1984) Circulating immune complexes in patients with mycoplasmal pneumonia. Am
Rev Respir Dis 130, 627-629[This article describes autoreactive antibodies as a source of
immunopathology associated with mycoplasmosis in humans].
118. Mizutani, H. (1986) Immunoglobulin M rheumatoid factor in patients with mycoplasmal pneumonia.
Am Rev Respir Dis 134, 1237-1240[This article describes the detection of rheumatoid factor associated
with mycoplasmosis in humans, and suggests it as a source of immunopathology].
119. Mohammed, H.O., Carpenter, T.E., and Yamamoto, R. (1987) Economic impact of Mycoplasma
gallisepticum and M. synoviae in commercial layer flocks. Avian Dis 31, 477-482[This article reports
economic losses associated with avian mycoplasmosis in the United States].
120. Mohammed, H.O., Carpenter, T.E., and Yamamoto, R. (1987) Evaluation of factors associated with
infection of commercial layers with Mycoplasma gallisepticum and M. synoviae. Avian Dis 31, 470476[This article identifies risk factors such as hygiene, flock dynamics, and lack of vaccination associated
with increased probability of outbreaks of avian mycopalsmosis].
121. Mu, H.H., Sawitzke, A.D., and Cole, B.C. (2000) Modulation of cytokine profiles by the
Mycoplasma superantigen Mycoplasma arthritidis mitogen parallels susceptibility to arthritis induced by
M. arthritidis. Infect Immun 68, 1142-1149[This article describes a potential mechanism for
immunopathology associated with mycoplasmal superantigens by examining cytokine secretion as an
analogy to the cytokine changes seen in M. arthitidis arthritis].
122. Muir, M.T., Cohn, S.M., Louden, C., Kannan, T.R., and Baseman, J.B. (2011) Novel toxin assays
implicate Mycoplasma pneumoniae in prolonged ventilator course and hypoxemia. Chest 139, 305310[This article describes the detection of community-acquired respiratory disease syndrome (CARDS)
toxin as a method for associating M. pneumoniae with prolonged respiratory infection, indicating that
more broad-spectrum treatment regimens should be employed].
123. Mühlradt, P.F., Kiess, M., Meyer, H., Süssmuth, R., and Jung, G. (1997) Isolation, structure
elucidation, and synthesis of a macrophage stimulatory lipopeptide from Mycoplasma fermentans acting
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at picomolar concentration. J Exp Med 185, 1951-1958[This article describes Toll-like receptor agonists
made by M. fermentans that stimulate innate immune responses].
124. Nagayama, Y., and Sakurai, N. (1991) Clinical observations on lower respiratory tract infections
with special reference to serum IgE levels. Pediatr Pulmonol 11, 44-48[This article describes the
detection hypersensitivity-associated immune responses during respiratory tract infections including those
by M. pneumoniae in pediatric patients].
125. Neimark, H. (1967) Heterogeneity among the mycoplasma and relationships to bacteria. Ann N Y
Acad Sci 143, 31-37[This review article describes the biological characteristics of mycoplasmas in the
context of how they fit into the bacterial tree].
126. Neimark, H.C., and Pene, J.J. (1965) Characterization of pleuropneumonia-like organisms by
deoxyribonucleic acid composition. Proc Soc Exp Biol Med 118, 517-519[This article describes an early
classification of mycoplasmas based on DNA content].
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127. Niang, M., Rosenbusch, R.F., DeBey, M.C., Niyo, Y., Andrews, J.J., and Kaeberle, M.L. (1998)
Field isolates of Mycoplasma ovipneumoniae exhibit distinct cytopathic effects in ovine tracheal organ
cultures. Zentralbl Veterinarmed A 45, 29-40[This article describes an in vitro assessment of variation
among different strains of M. ovipneumoniae in their ability to damage tracheal cells].

U
SA NE
M SC
PL O
E -E
C OL
H S
AP S
TE
R

128. Noormohammadi, A.H., Markham, P.F., Markham, J.F., Whithear, K.G., and Browning, G.F. (1999)
Mycoplasma synoviae surface protein MSPB as a recombinant antigen in an indirect ELISA.
Microbiology 145 (Pt 8), 2087-2094[This article describes a novel diagnostic method for M. synoviae].
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Bébéar, C., and Bébéar, C.M. (2002) Mutations in 23S rRNA account for intrinsic resistance to
macrolides in Mycoplasma hominis and Mycoplasma fermentans and for acquired resistance to
macrolides in M. hominis. Antimicrob Agents Chemother 46, 3142-3150[This article describes the
specific mechanism by which the human pathogens M. hominis and M. fermentans exhibit resistance to an
entire class of antibiotics].
130. Peters, J., Singh, H., Brooks, E. G., Diaz, J., Kannan, T. R., Coalson, J. J., Baseman, J. G., Cagle,
M., and Baseman, J. B. (2011) Persistence of community acquired respiratory distress syndrome toxinproducing Mycoplasma pneumoniae in refractory asthma. CHEST, 140 (2), 401-407[This article describes
an association between the presence of toxigenic M. pneumoniae and post-infectious asthma].
131. Pilo, P., Vilei, E.M., Peterhans, E., Bonvin-Klotz, L., Stoffel, M.H., Dobbelaere, D., and Frey, J.
(2005) A metabolic enzyme as a primary virulence factor of Mycoplasma mycoides subsp. mycoides
small colony. J Bacteriol 187, 6824-6831[This article describes the effect of the bi-product H2O2 on
bovine cells, and attributes elevated virulence of M. mycoides mycoides to this capability].
132. Polissi, A., Pontiggia, A., Feger, G., Altieri, M., Mottl, H., Ferrari, L., and Simon, D. (1998) Largescale identification of virulence genes from Streptococcus pneumoniae. Infect Immun 66, 5620-5629[This
article describes a global approach to the identification of previously unrecognized facets of S.
pneumoniae virulence].
133. Pour-El, I., Adams, C., and Minion, F.C. (2002) Construction of mini-Tn4001tet and its use in
Mycoplasma gallisepticum. Plasmid 47, 129-137[This article describes the “mini tet” transposon, a
molecular tool that has facilitated many mutagenesis studies in mycoplasmology].
134. Pritchard, R.E., Mokhnatkin, J.V., Hatchel, J.M., and Balish, M.F. (2010) Potential Role of a
Streptolysin S-like Molecule in Mycoplasma amphoriforme Pathogenicity. International Organization for
Mycoplasmology 18th Congress. Chianciano Terme, Siena, Italy[This platform presentation reported the
presence and activity of a true hemolysin in the putative human pathogen M. amphoriforme].
135. Razin, S. (1969) Structure and function in mycoplasma. Annu Rev Microbiol 23, 317-356[This
review article describes basic cellular functionality as applied to Mollicutes].
136. Razin, S. (1978) The mycoplasmas. Microbiol Rev 42, 414-470[This review article describes the
cellular biology, morphology, virulence, and genetics of mycoplasmas and related organisms circa 1978].
137. Razin, S., Yogev, D., and Naot, Y. (1998) Molecular biology and pathogenicity of mycoplasmas.
Microbiol Mol Biol Rev 62, 1094-1156[This review article describes the cellular biology, morphology,
virulence, and genetics of mycoplasmas and related organisms circa 1998, and is a companion to Dr.
Razin’s chapter in the third edition of The Prokaryotes].
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138. Renaudin, J., and Lartigue, C. (2005) OriC Plasmids as Gene Vectors for Mollicutes. In A.
Blanchard, and G. Browning (Eds.), Mycoplasmas: Molecular Biology, Pathogenicity, and Strategies for
Control (pp. 439-483). Norfolk, UK: Horizon Bioscience[This textbook chapter describes the
development, generation, and functionality of artificial plasmids using mycoplasmal and spiroplasmal
origins of replication as molecular tools in mycoplasmology].
139. Renaudin, J., Marais, A., Verdin, E., Duret, S., Foissac, X., Laigret, F., and Bové, J.M. (1995)
Integrative and free Spiroplasma citri oriC plasmids: expression of the Spiroplasma phoeniceum spiralin
in Spiroplasma citri. J Bacteriol 177, 2870-2877[This article describes the development, generation, and
functionality of an artificial plasmid using the S. citri origin of replication as a delivery system for an
exogenous gene].
140. Rink, L., Nicklas, W., Luhm, J., Kruse, R., and Kirchner, H. (1996) Induction of a proinflammatory
cytokine network by Mycoplasma arthritidis-derived superantigen (MAS). J Interferon Cytokine Res 16,
861-868[This article describes the signaling mechanics of massive immunological response generate by
the superantigen MAM].
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141. Romano, N., Tolone, G., Ajello, F., and La Licata, R. (1980) Adenosine 5'-triphosphate synthesis
induced by urea hydrolysis in Ureaplasma urealyticum. J Bacteriol 144, 830-832[This article describes
mechanistically how urea is used metabolically by U. urealyticum].
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142. Rosendal, S., Lumsden, J.H., Viel, L., and Physick-Sheard, P.W. (1987) Phagocytic function of
equine neutrophils exposed to Mycoplasma felis in vitro and in vivo. Am J Vet Res 48, 758-762[This
article describes the capacity of professional phagocytes from horses to engulf M. felis, and exhibits a
difference when the neutrophils were collected from infected horses as opposed to uninfected horses and
then exposed in a laboratory].
143. Rosengarten, R., and Wise, K.S. (1990) Phenotypic switching in mycoplasmas: phase variation of
diverse surface lipoproteins. Science 247, 315-318[This landmark article is the first demonstration of
antigenic variation in Mollicutes, which we now understand to be a major mechanism of immune evasion
for many species].
144. Rosengarten, R., and Wise, K.S. (1991) The Vlp system of Mycoplasma hyorhinis: combinatorial
expression of distinct size variant lipoproteins generating high-frequency surface antigenic variation. J
Bacteriol 173, 4782-4793[This article describes the mechanism associated with antigenic variation in M.
hyorhinis].
145. Röske, K., Calcutt, M.J., and Wise, K.S. (2004) The Mycoplasma fermentans prophage phiMFV1:
genome organization, mobility and variable expression of an encoded surface protein. Mol Microbiol 52,
1703-1720[This article describes an bacteriophage virus integrated into the genome of M. fermentans, and
the gene it contributes encoding an antigenic protein on the bacterial surface].
146. Saurin, W., and Dassa, E. (1996) In the search of Mycoplasma genitalium lost substrate-binding
proteins: sequence divergence could be the result of a broader substrate specificity. Mol Microbiol 22,
389-390[This article describes attempts to uncover the nature of differential avidities in binding proteins
in M. genitalium. Later work by Iverson-Cabral et al. specifies a mechanism].
147. Schmidl, S.R., Otto, A., Lluch-Senar, M., Piñol, J., Busse, J., Becher, D., and Stülke, J. (2011) A
Trigger Enzyme in Mycoplasma pneumoniae: Impact of the Glycerophosphodiesterase GlpQ on
Virulence and Gene Expression. PLoS Pathog 7, e1002263[This article describes the expression and
regulatory control of an enzyme associated with glycerol metabolism. The bi-product of glycerol
metabolism, H2O2, is associated with tissue damage and virulence of many bacterial species].
148. Seggev, J.S., Lis, I., Siman-Tov, R., Gutman, R., Abu-Samara, H., Schey, G., and Naot, Y. (1986)
Mycoplasma pneumoniae is a frequent cause of exacerbation of bronchial asthma in adults. Ann Allergy
57, 263-265[This article is one of the early reports detailing clinical associations between M. pneumoniae
infection and asthma development or exacerbation].
149. Seggev, J.S., Sedmak, G.V., and Kurup, V.P. (1996) Isotype-specific antibody responses to acute
Mycoplasma pneumoniae infection. Ann Allergy Asthma Immunol 77, 67-73[This article describes
immune correlates of protection or pathology during M. pneumoniae infection].
150. Sekiguchi, K., & Hakomori, S. (1980) Functional domain structure of fibronectin. Proceedings of the
National Academy of Sciences, 77 (5), 2661-2665[This article describes the different structures and
functional binding portions of the extracellular matrix protein fibronectin].
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151. Seleem, M.N., Boyle, S.M., and Sriranganathan, N. (2008) Brucella: a pathogen without classic
virulence genes. Vet Microbiol 129, 1-14[This review article describes aspects of the virulence of B.
abortis, which does not involve toxins, capsules, or other so-called classical virulence factors. This in
many ways is akin to mycopalsmal virulence].
152. Seymour, L.M., Deutscher, A.T., Jenkins, C., Kuit, T.A., Falconer, L., Minion, F.C., Crossett, B.,
Padula, M., Dixon, N.E., Djordjevic, S.P., and Walker, M.J. (2010) A processed multidomain
mycoplasma hyopneumoniae adhesin binds fibronectin, plasminogen, and swine respiratory cilia. J Biol
Chem 285, 33971-33978[This article describes the M. hyopneumoniae adhesin, which is
posttranslationally cleaved into many different sub-types which in turn bind many host cells ligands].
153. Simecka, J.W. (2005) Immune Responses Following Mycoplasma Infection. In A. Blanchard and G.
Browning (Eds.). Mycoplasmas: Molecular Biology, Pathogenicity, and Strategies for Control (485-534).
Norfolk, UK: Horizon Bioscience[This textbook chapter gives a broad overview of mycoplasmal
immunology, including correlates of protection an mechanisms of immunopathology].
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154. Simecka, J.W., Davis, J.K., and Cassell, G.H. (1987) Specific vs. nonspecific immune responses in
murine respiratory mycoplasmosis. Isr J Med Sci 23, 485-489[This article describes differentiation
between protection and non-protective and potentially pathogenic immune responses or mice to M.
pulmonis].
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155. Simmons, W.L., Bolland, J.R., Daubenspeck, J.M., and Dybvig, K. (2007) A stochastic mechanism
for biofilm formation by Mycoplasma pulmonis. J Bacteriol 189, 1905-1913[This article characterizes the
formation and regulation of M. pulmonis biofilm formation, and represents the first and most extensive
characterization of this process in the Mollicutes].
156. Simmons, W.L., Denison, A.M., and Dybvig, K. (2004) Resistance of Mycoplasma pulmonis to
complement lysis is dependent on the number of Vsa tandem repeats: shield hypothesis. Infect Immun 72,
6846-6851[This article describes the dual role in immune evasion by Vsa proteins of M. pulmonis:
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