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INTRODUCTION

Until recently, one of the most neglected areas
of research in microbiology has been the study of
the order Mycoplasmatales. A renaissance of
interest in these microorganisms has occurred as a
result of three major observations: (i) the
recognition by molecular biologists and bio-
physicists that the mycoplasmas are the smallest
free-living microorganisms; (ii) the discovery that
the etiological agent of cold agglutinin positive
atypical pneumonia of man is a mycoplasma (this
represents the first unequivocal demonstration of
pathogenicity of a mycoplasma for man); and (iii)
the detection of mycoplasmas as common con-
taminants of tissue cultures where they may pro-
duce changes in cellular growth and cell sus-
ceptibility to virus infection.

Since the mycoplasmas are widely dispersed in
nature and relatively simple methods exist by
which they can be isolated, it is all the more
surprising that they have been so neglected. In
addition to their isolation from man, myco-
plasmas have been isolated from chickens (and
their eggs), turkeys, pigeons, parakeets, ducks,
mice, rats, cattle, sheep, goats, dogs, cats, horses,
swine, and guinea pigs. An animal species may
harbor many kinds of mycoplasmas, but, with few
exceptions, the types are species specific. Rabbits
and hamsters appear to be the only common
laboratory animals from which mycoplasmas have
not yet been isolated. Mycoplasmas have also
been isolated from sewage and from decomposing
organic materials. Some of the mycoplasmas are
known to be etiologically responsible for a number
of animal diseases, in particular bovine pleuro-
pneumonia (Mycoplasma mycoides) which is still
of great economic importance although confined
to the Iberian Peninsula, India, and the African
and Australian continents. Importation of M.
mycoides into the U.S.A. is prohibited by law.
The wide distribution of the mycoplasmas in
laboratory and domestic animals and their
association with disease has accounted for a
greater interest in these microorganisms by
veterinarians than by medical microbiologists.

Contrary to the view that the mycoplasmas are
a newly recognized group of microorganisms, and
in support of the contention that current interest
is, indeed, a renaissance, is the fact that the
etiological agent of bovine pleuropneumonia was
first recognized by Louis Pasteur, although he did
not observe it microscopically nor could he grow
it in nutrient broth. In 1898 Nocard and Roux
(192) succeeded in growing the agent in cell-free
medium, and in 1910 its morphology was de-
scribed by others (17, 19). Filterability through
Berkefeld V filters was soon demonstrated, and,
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in 1929, Gradocol membrane filtration studies
indicated that the size of the minimal reproduc-
tive units was in the range of 125 to 150 mu (90).
M. mycovdes was, therefore, in the unique position
of being considered as a virus for about 25 years
even though it was known to multiply in a cell-
free medium. Curiously, scientific history has now
repeated itself, and the etiological agent of cold
agglutinin positive primary atypical pneumonia
in man, which was considered for many years to
be a virus, has now also been identified as a myco-
plasma (38).

In 1941, following the isolation of mycoplasmas
from other animals and from man and sewage, it
was recognized that there existed in nature a new
group of parasitic and saprophytic micro-
organisms with unusual properties that dis-
tinguished them from the bacteria, rickettsiae,
and viruses. The first review of the field by Sabin
should be consulted for details of the earlier work
(227). A comprehensive treatment of the entire
field can also be found in the books of Kliene-
berger-Nobel (147) and Freundt (101), in a
symposium publication (83), and in other more
specialized reviews (2, 18, 46, 68, 80, 82, 144, 145,
178, 244, 269, 270).

It is the intention of the present reviewers to
draw attention to the role of the mycoplasmas as
part of the microbial flora of man and, in par-
ticular, to those observations made during the
past decade.

GENERAL PROPERTIES OF THE GENUS
MycorLASMA

Definition

The mycoplasmas are a group of micro-
organisms with the following properties. (i) They
can reproduce in a cell-free medium. On agar they
exhibit a characteristic colonial morphology with
the center or the whole colony embedded beneath
the surface. (ii) The smallest reproductive forms
have a size range of 125 to 150 mu. Thus, they
are the smallest free-living organisms, with a size
similar to that of the myxoviruses. (iii) They are
highly pleomorphic because they lack a rigid cell
wall and instead are bounded by a triple-layered
“unit membrane.” The inner and outer layers are
electron-dense and the middle layer is less dense.
(iv) Excepting the saprophytic species (M.
laidlawii), most species require sterol and native
protein for growth. (v) All species exhibit an
absolute resistance to penicillin, whereas most
strains are inhibited by low concentration of
tetracyclines. (vi) The growth of the myco-
plasmas is inhibited by specific antibody. (vii)
Mycoplasmas show no history of reversion to or
from a bacterial parental form.
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Taxonomy

The organism causing contagious bovine
pleuropneumonia is the obvious choice for the
prototype species, because it was the first of the
mycoplasmas to be discovered and, in conse-
quence of its virulence and economic importance,
has commanded the most attention.

Although first recognized as a microbial entity
by Pasteur, it was first isolated by Nocard and
Roux in 1898 (192) and designated the “microbe
de la peripneumonie.” Microorganisms from
other sources, having properties similar to the
pleuropneumonia organism of cattle (PPO), soon
came to be known as pleuropneumonia-like
organisms (PPLO). This term, although in wide
use until recently, has now been superseded by
general acceptance of the nomenclature and
classification scheme of Edward and Freundt (88).
Although originally designated in the Linnean
system as Asterococcus mycoides in 1910 (19), the
generic name is invalid, having been used first
for a genus of algae in 1908 (229). Two subsequent
generic terms, Coccobactllus (170) and Micromyces
(104), must be discarded for the same reason;
thus, the term Mycoplasma, introduced in 1929
(193), becomes the first valid generic term. Since
taxonomic rules do not invalidate the use of the
species designation even if it has been used in
other genera, the correct name of the prototype
species is Mycoplasma mycoides. The recognition
of only a single genus is justification for invoking
the taxonomic rule that the family name be de-
rived from the generic name, thus becoming
Mycoplasmataceae. The question of whether to
assign the mycoplasmas to a separate order has
not been fully settled, although a number of
arguments have been raised in its favor (101).

A cursory consideration of the properties of the
order Actinomycetales suggests it as the proper
order in which to place the mycoplasmas (153).
Characteristically, the colonies of both groups
penetrate solid medium. However, those features
which distinguish these two groups are of such a
magnitude that the placing of the family Myco-
plasmataceae in the order Actinomycetales
seems unjustified. The minimal reproductive units
of the mycoplasma do not seem to be related at
all to the spores of actinomycetes, morpho-
logically or in respect to the latter having greater
resistance than mycelial filaments (101). In addi-
tion, the mycoplasmas are gram-negative and
penicillin-resistant, whereas the actinomycetes
are opposite in these properties. Thus, not only
are the mycoplasmas unrelated to the actino-
mycetes but they are quite obviously unrelated
to other schizomyecetes, if only because they lack
a well-defined cell wall. They differ also in other
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properties, such as complete resistance to
penicillin, great resistance to thallium acetate,
and dependence upon sterols as a growth factor.
Furthermore, with the exception of the lepto-
spires, the mycoplasmas are unlike all bacteria in
that their growth is inhibited by homologous anti-
serum (87).

In fact, a literal consideration of the afore-
mentioned properties of the mycoplasmas would
make a good case for the notion that they are
not only unrelated to the bacteria, but to the
plant kingdom itself. A requirement for sterols
and the absence of a rigid cell wall would, strictly
speaking, place the mycoplasmas in the animal
kingdom where they could be considered for
classification with the protozoa.

Reasonable arguments have also been made for
designating the mycoplasmas as a separate class
between the Schizomycetes and Microtatobiotes
(Rickettsiales and Virales). These arguments
have been largely based on size range, absence of
cell wall, growth inhibition in the presence of
specific antiserum, and requirement for growth
of preformed materials such as sterols and pro-
teins. Additional support for at least a separate
class for the mycoplasmas may be found when
one reflects upon their position in biological
evolution. The requirement of viruses for more
highly evolved hosts in order for them to replicate
precludes their being placed at the base of the
evolutionary tree. However, a consideration of
the properties of the mycoplasmas places them
in the position of being the most primitive micro-
organisms known. They are the smallest organ-
isms possessing the necessary metabolic machin-
ery to assemble themselves from a limited number
of nonliving, pre-existing parts. That they are,
indeed, the most primitive microorganisms on the
evolutionary scale is realized when one considers
that they contain all of the integrative mecha-
nisms and, in addition, exhibit unusually exact-
ing nutritional requirements (203).

Nevertheless, the majority of investigators
would probably favor the intermediate position
adopted by the editors of the seventh edition of
Bergey’s Manual (20) wherein the mycoplasmas
are considered as a separate order (Mycoplasma-
tales) in the class Schizomycetes.

Division I. Protophyta Sachs, 1874, emend.
Krassilnikov
Class II. Schizomycetes von Naegeli, 1857
Order X. Mycoplasmatales Freundt, 1955
Family I. Mpycoplasmataceae Freundt,
1955
Genus I. Mycoplasma, Nowak, 1929
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Relationship of Mycoplasmas to L Forms

Although the L-form variants of bacteria are
outside the scope of this review, it is important to
briefly consider them because they have prop-
erties similar to the mycoplasmas. Disagree-
ments regarding the relationship of the myco-
plasmas to the L forms have for many years been
one of the major obstacles to a meaningful
taxonomic classification of the former organisms.
The bases for these divergent views are funda-
mental to an understanding of the biology of the
mycoplasmas.

The original L form (“the L 1 organism”) was
isolated by Klieneberger in 1935 (142, 143) from a
rat and regarded as a symbiont of Streptobactllus
moniliformis. Subsequent studies indicated that
the L form (named for the Lister Institute,
London, England) of S. moniliformis was a
variant phase of the parental form. Thus, the L 1
organism was found to grow under ordinary
conditions for cultivation of S. moniliformis. The
subsequent demonstration that organisms of most
bacterial genera could be induced by various
environmental stresses to give rise to an L-form
variant led to much speculation concerning their
relationship to the mycoplasmas.

The L forms of bacteria are remarkably similar
to mycoplasmas in that both lack a cell wall.
Many similarities also exist in colonial mor-
phology. In addition, the minimal reproductive
units are morphologically and physically similar,
as is the mode of reproduction, resistance to
penicillin, and some aspects of metabolism. The
antigenic structure of the L-form cell membrane

HAYFLICK AND CHANOCK

BactERIOL. REV.

growth on agar and the morphology of the
minimal reproductive units, an equal number of
well-qualified investigators have aligned them-
selves against this view. In fact, the notion has
been advanced that the mycoplasmas are, in fact,
L forms which have lost their capacity to revert
to the bacterial parent (68, 269). In practice,
however, the L forms are products of laboratory
manipulation, appearing when bacteria are grown
under adverse environmental conditions. Peni-
cillin, glycine, and high salt concentrations are
the most common agents used for the conversion
of bacteria to their L forms. L forms have never
been cultured from disease processes of man or
animals in the absence of the parental bacterium,
and those L forms derived from bacterial patho-
gens are not pathogenic. Other than the L form of
S. momiliformas, no L forms have been found free
in nature. It has been suggested that the L form
capable of reverting to the parental bacterium be
called the “transition form” or ‘“unstable L
form,” and that the “L form” designation be re-
served for the growth form that no longer reverts
(147). The resulting semantic difficulties are, of
course, apparent, although acceptance of the
fact that L forms are ultimately derived from
bacteria is not in dispute. Perhaps the simplest
and most conservative view would be the follow-
ing: if it is known that the organisms were
derived from, or could revert to, the bacterial
parent, then the organisms are L forms. Lacking
such information, one would conclude that he
was dealing with a mycoplasma. A schematic
representation of these relationships is re-
presented by the following:

Induction or reversion to parental form

S. moniliformis

without environmental stress

Induction under environmental stress

L1 organism

Other bacteria -

Reversion when stress removed

Mycoplasmas

is similar to that of the unit membrane of the
parental bacterium. The biochemical reactions of
the L forms are generally similar to those of the
parental bacterium; however, their metabolism is
often more sluggish. Unlike the parasitic myco-
plasmas, L forms do not have a sterol require-
ment; thus, they are similar to the saprophytic
mycoplasmas in this respect. L forms are in-
sensitive to surface-active agents, such as digi-
tonin, whereas the mycoplasmas which have been
studied are not (244).

Despite the fact that many workers claim to
be able to distinguish L forms from mycoplasmas
on the basis of subtle differences in their colonial

Removal
Unstable form
L form of stress
No
reversion

Size, Morphology, and Mode of Replication

The curious morphology and uncertain mode of
replication of the mycoplasmas is reflected by the
fact that no fewer than 40 papers on these topics
have appeared. In this area, it is probable that
few other microorganisms have attracted as much
attention. Consequently, it is against a volu-
minous background of divergent views and
conflicting evidence that the morphology and
mode of replication of the mycoplasmas must be
considered.

The mycoplasmas go through a cycle of
morphological changes during growth, commenc-
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ing with a small particle usually referred to as an
elementary body or a minimal reproductive unit.
The minimal reproductive unit is probably
spherical, with a diameter ranging from 125 to
250 mu, thus making the mycoplasmas smaller
than the larger viruses and the rickettsiae.

Although few attempts have been made to
describe the morphology of the human myco-
plasmas, per se, the literature is replete with
studies of other mycoplasmas, particularly the
prototype species M. mycoides. Thus, what
follows is largely descriptive of M. mycoides but,
in all probability, holds for at least M. hominis
and M. fermentans as well (102).

In any discourse on the morphology of the
mycoplasmas, cognizance must be taken of the
extreme plasticity of these microorganisms.
Indeed, the very name of the family, Myco-
plasmataceae, was chosen (147) to emphasize this
feature. Thus, the very existence of so many
studies concerned with the morphology of the
mycoplasmas reflects not only their pleomor-
phism, but also the varying interpretations by
workers confronted with the differing manifesta-
tions of such pleomorphism.

The morphology and growth pattern of the
mycoplasmas must be considered in the light of
essentially two schools of workers who represent
divergent and, at times, completely opposing
views. The first group to be considered is that
championed by Freundt (10, 13, 102, 153, 193,
210, 262, 278, 280). The second is that of Kliene-
berger-Nobel (145, 147, 148), Dienes (62, 63),
Liebermeister (158, 159), and others (135, 180,
227).

According to the first group, very thin fila-
ments emerge from the minimal reproductive
unit, terminating in a spherical body similar to
the minimal reproductive unit (102). The
terminal body may develop new filaments, giving
rise to arborized branching structures. True
lateral branching with probable coenocytic out-
growth of lateral branches from the main fila-
ment also occurs. Thus, during the first 18 hr of
growth, a mycelial structure develops. Then,
within the filaments, regularly spaced spheres of
uniform size and shape can be seen. No septa can
be found, and the filament retains its cylindrical
caliber. Subsequently, constrictions develop
between the spheres, dividing the filament into a
chain of coccoid elements. This maneuver may
occur simultaneously throughout the entire
filament length or regionally. The spherical
elements are considered to be new minimal re-
productive units and are subsequently liberated
by disintegration of the chain. This cycle is re-
peated many times, and is presumably respon-
sible for growth of the colony.
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The “large bodies” described by a number of
investigators are interpreted to be swollen
elementary bodies or fat droplets. These large
bodies are very pleomorphic, and they contain
tiny granules. The tendency to produce large
bodies is thought to vary from strain to strain.
These structures are most frequently found in
older cultures or in cultures in which the medium
is deficient. They are thus regarded largely as
abnormal or involutionary forms by this group of
workers.

On a solid medium, the organisms grow down
into the agar. Some growth also occurs over the
surface around the central embedded area, giving
rise to a lighter zone. Thus, the characteristic
“fried-egg” appearance is produced.

Although the mycelial theory of growth is
based primarily on observation of organisms
grown in broth, it is argued (102) that, in spite of
the great difficulty in observing these events in
agar-grown colonies, a modification in the usual
technique of observation of colonies on agar
allows for the detection of many of these stages
(197, 198). It has been emphasized that the
mycelial stage, which is at the crux of the di-
vergent views, cannot always be demonstrated
in every colony and is dependent on medium
composition and other environmental conditions.
The extension of these observations on mor-
phology from the prototype, M. mycoides, to
other mycoplasmas is of extreme importance
and, although the view is held (102) that this is
justified, it is difficult to detect some of the afore-
mentioned stages in many mycoplasma strains.
For example, shorter filaments may characterize
other strains, and the mycelial stage may be
transitory or unstable with a rapid breakdown to
the minimal reproductive units. It has been
pointed out that such a spectrum of variation
regarding degree of development of mycelia is
found in the Actinomycetales.

The second group of morphologists reject the
interpretation of the branching filaments as
mycelia, claiming that these are artifacts which
develop during the preparation of specimens.
They point to the fact that mycoplasmas, be-
cause they lack a cell wall, are very plastic, and,
consequently, extrusions develop in response to
osmotic shock and various other external physical
forces. In fact, they claim that this feature results
in almost any shape being assumed by the
organism as a consequence of the topological
features of the surface on which it rests.

This group of investigators would, perhaps,
concede the presence of a filamentous stage in
M. mycoides and M. mycoides var. capri, but they
do not accept this as a feature common to all
mycoplasma species. Indeed, they claim that
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under adverse environmental conditions many
bacteria can be induced to grow filamentously.
They would interpret their observations, gen-
erally, as follows.

The minimal reproductive unit increases in
size, becoming a disclike or irregular-shaped
particle of protoplasm lacking a cell wall. Internal
changes take place, giving rise to more concentra-
ted areas which develop into the minimal re-
productive units. This “cell” can assume many
shapes, but finally divides by segmentation into
a number of smaller “cells” which eventually
produce minimal reproductive units.

The number of minimal reproductive units
which develop is proportional to the size of the
“cell.” Although these events are similar in broth
and on agar, short filamentous bodies are ob-
served and occur more often in broth. This
difference, however, should be de-emphasized as
a major stage in the growth of mycoplasma, since
it is due to the physical environment of the liquid
in which the “cell” finds itself and in no way is to
be taken as a significant morphological form.
Thus, the famous aster form, from which the
early name ‘“Asterococcus” for M. mycoides was
derived, is explained. This group holds, then,
that the pleomorphism of the mycoplasmas, from
which so much controversy has developed, is
nothing more than a variation on a theme, and
that a shift in emphasis to observations on
development and not on individual forms is in
order. Thus, the second group emphasizes the
effect of cultural conditions on morphological
variations.

Although electron microscopy has not been
helpful in resolving sequential events in the
growth of mycoplasmas, it has provided impor-
tant information on their ultrastructure. Com-
parative studies indicate that organisms of all
species examined possess a triple-layered limit-
ing membrane, 75 to 100 A wide (70, 129, 272a).
In addition, ribosomes and “strands of nuclear
material” have been observed in all strains
examined (70, 89, 129).

Myecoplasma colonies range in size from 10 to
600 x in diameter. They generally have an em-
bedded center which, together with a layer of
surface growth, leads to the analogy with a
“fried egg.” Many colonies, however, lack the
peripheral zone. Some colonies, which exhibit a
characteristic dark center and transparent
peripheral zone, have in the peripheral zone
numerous lacelike or highly vacuolated struc-
tures. These vacuolated areas may, at higher
magnification, show tiny granules in Brownian
motion.

There are no reports which describe the
development of a single minimal reproductive
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unit into a mature mycoplasma colony. Thus,
all of the accounts of the mycoplasma growth
cycle have been based on sequential studies by
phase contrast, dark-field and bright-field
microscopy, and electron microscopy. Subjective:
interpretation has thus played a major role be-
cause of the need to piece together isolated
events to present a continuous account. In any
case, either method of multiplication, as out-
lined above, is peculiar to the mycoplasmas and
appears to distinguish them further from all
other microorganisms.

Growth Requirements

The first necessity for the cultivation of myco-
plasmas in vitro is a rich medium. Currently. the
most widely used basal media are those utilizing
a beef-heart infusion with the addition of 19,
peptone (78, 182). The basic ingredient is pre-
pared from an infusion of 500 g of fresh beef-
heart muscle per liter of water or from 50 g of
dehydrated beef heart for infusion, such as Beef
Heart for Infusion (Difco; 182). Because some
preparations have been found to be inhibitory
(182), the choice of the peptone appears to be im-
portant. Difco peptone and tryptose have been
recommended (182). This formula supplemented
with 5 g per liter of NaCl and 14 g per liter of
agar is commercially available as Difco PPLO
Agar (dehydrated), and conforms to published
specifications (182). The characteristic growth of
most mycoplasmas, in which the central portion
of the colony is embedded in the agar, and their
requirement for a moist environment, have
dictated the use of a softer agar than that used in
routine bacteriology.

The crucial component to be added to any
basal medium formulation is the proteinaceous
enrichment which must be incorporated into all
formulas to support the growth of the non-
saprophytic mycoplasmas. Justifiably, therefore,
more attention has been given to the choice of
this supplement than to the basal medium itself.
The following supplements have been used singly
or in concert:

(i) Human ascitic fluid in a concentration of 20
to 309, of the total volume of final medium.
Variations in composition and availability of a
constant, sterile supply and the potential presence
of antibodies represent serious disadvantages in
the use of this material.

(ii) Blood serum from various animal species,
usually human, calf, or horse, in a concentration
of 10 to 209%,. Since some sera from individual
animals or entire species may be toxic or contain
antibodies, this source is not without disadvan-
tages (78, 100, 249). However, these objections
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can be met, in part, by using large pooled batches
of sera that have been tested for their capacity
to support growth of known fastidious strains of
mycoplasmas.

(iii) A blood serum fraction, commercially
available (Difco PPLO Serum Fraction), used at
a level of 19, instead of 10 to 209, whole serum.
This supplement, although supporting the growth
of many mycoplasmas, is unable to support the
growth of all. Widespread use of this material in
lieu of whole serum may have contributed to
previous failures to cultivate M. pneumoniae on
agar, because the serum fraction does not sup-
port the growth of this organism (116, 119).

(iv) Whole blood. This has been used for the
isolation of some mycoplasma strains (61, 201)
but may reflect a deficient basal medium. The
addition of intact red blood cells should be
avoided whenever possible, because the resultant
opaque medium makes detection of colonies by
transmitted light very difficult. (v) Liver extract
(61). (vi) Yeast extract (38, 78, 116, 119). (vii)
Deoxyribonucleic acid (DNA; 82). (viii) Egg
yolk (81, 85). (ix) Rabbit infusion (147, 266).

The wide range of choice of basal medium
supplements merely represents ignorance of the
exact nutritional requirements of these micro-
organisms. Perhaps the most widely used medium
is that developed by Hayflick (38, 116, 119),
which utilizes the basal PPLO medium of Morton,
Smith, and Leberman (182; Difco PPLO Agar,
dehydrated) plus supplementation with 200 ml
per liter of pooled horse serum and 100 ml per
liter of a 259, extract of fresh baker’s yeast. This
formula was employed by us in the first successful
agar propagation of M. pneumoniae (38), and also
supports the growth of all other recognized human
strains. M. pneumoniae and M. orale require
yeast extract supplements, particularly for the
isolation of naturally occurring strains. Since M.
pneumontae, which is probably the most fas-
tidious human mycoplasma, grows well on this
medium, it is, at present, the medium of choice
for the growth of the human mycoplasmas. This
medium has a final agar concentration of 1%.

The pH of most media is adjusted to the
alkaline range between 7.6 and 8.0 (79, 183).
Petri dishes containing agar should be incubated
in a humid atmosphere and at a temperature of
33 to 37 C. For growth of mycoplasmas in fluid
media, the agar portion of the formula is omitted.
It is essential that workers using agar formulas
containing high concentrations of animal serum
be able to recognize ‘“pseudo-colonies” (22, 119).
These “colonies,” which resemble colonies of
mycoplasmas, are composed of calcium and
magnesium soaps. Their crystalline structure
creates the impression of “‘growth’ when observed

MYCOPLASMA SPECIES OF MAN

191

over a period of time, and they can be “trans-
ferred” to fresh agar plates creating niduses for
new crystal formation, thus giving the impression
of serial passage.

Nutrition and M etabolism

The reader is referred to the recent comprehen-
sive review by Smith (244) for a detailed treat-
ment of the nutrition and metabolism of the
mycoplasmas. We will, therefore, concern our-
selves here with a consideration of only the main
points of these aspects of the biology of the
human mycoplasmas.

Protein and lipid requirements. A major area of
interest in the study of the mycoplasmas has
been the attempt to identify the growth factors
in different protein supplements. The replace-
ment of the chemically undefined supplement by
simpler chemically characterized materials would
be a major contribution to an understanding of
the physiology of these microorganisms. Early
attempts (246, 249, 250) resulted in the separa-
tion and characterization of a protein component
from serum capable of supporting the growth of
many mycoplasma species. This protein contains
eight different amino acids with lysine pre-
dominating, and has an isoelectric point and
sedimentation constant similar to the a-1 lipo-
protein of serum. It also contains esterified
cholesterol and phospholipid, and has a molecular
weight of 1.35 X 10¢. This protein, when lipid-
extracted, was inactive in lipid-free media. When
the lipid was extracted from horse serum, neither
the lipid fraction alone nor the lipid-free fraction
supported growth (81, 85). When both fractions
were recombined, mycoplasma growth occurred
(81, 85). The protein growth factor probably acts
by regulating the uptake of cholesterol or other
sterols essential for growth. It is likely that the
differences in the relative concentrations of
cholesterol, phospholipid, and protein in the
serum supplement from different animal species
may explain differences in their growth-promot-
ing ability. Thus, rabbit serum, known to con-
tain relatively little cholesterol, fails to support
the growth of some mycoplasmas; however, when
this serum is supplemented with cholesterol,
mycoplasma growth occurs (82).

The cholesterol requirement of M. hominis type
2 can be partially or completely satisfied by
several other sterols, for example, B-sitosterol,
stigmasterol, ergosterol, and cholestanol (239,
245, 247). The configurational requirements of
the sterol molecule necessary to support the
growth of M. hominis type 2 have been critically
evaluated (244). In studies with M. mycoides, it
was concluded that cholesterol was required for
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the synthesis of some cell component necessary
for structural integrity (219). Others maintain
that sterol is essential for cell-membrane forma-
tion where it is interspersed with other lipids in
the central lipid layer. It is also necessary for the
transport of substrates and end products across
the cell membrane (242).

Cholesterol is required by some protozoa, for
example, Trichomonas columbiae (28), and by the
myxothallophyte Labyrinthula witellina var.
pacifica (273). Cholesterol is not thought to be
an essential nutrient for any bacterial species,
and its requirement by most mycoplasmas is,
therefore, of great interest.

It is known that factors other than the afore-
mentioned protein and lipids are required for the
growth of certain mycoplasma species. Hog
gastric mucin is necessary for the cultivation of
certain fastidious bovine strains. This mucin is
thought to contribute DNA which cannot be
synthesized by the organisms (82, 86). As men-
tioned previously, M. pneumonice requires
nutrients present in yeast extract for optimal
growth. It is possible that other as yet un-
recognized mycoplasmas exist, and that they have
not been isolated because certain unknown
growth factors are lacking in the media currently
used. It is, however, fallacious to argue for the
presence of a mycoplasma in any system on the
basis that a mycoplasma is present but that the
proper media is unavailable for its recognition.
Such circuitous reasoning is contrary to the rules
of logic, since the definition of the Mycoplasma-
tales includes the absolute demonstration of their
characteristic growth on agar.

In summary, the conclusions of Smith (244)
relevant to the role of serum as a growth factor
for the mycoplasma are pertinent:

“Mycoplasma strains requiring serum
for growth possess a requirement for
nonsaponifiable lipid and for saturated
and unsaturated fatty acids which they
are unable to synthesize. The other
components of the serum, phospholipid
and protein, are necessary only to per-
mit incorporation of the required lipids
into the cell: the protein for regulation
of sterol and possible fatty acid uptake
and the phospholipid for solubilization
of lipid in aqueous media. Protein also
acts secondarily in reducing the toxicity
of some lipids. Those mycoplasma
strains having no serum requirement,
and also L organisms, both of which
appear capable of de novo lipid synthe-
sis, possess a requirement for protein
under certain cultural conditions for
purposes of detoxification only. These
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latter two groups of organisms are
similar to the lipid-requiring myco-
plasmas in that exogenous lipid is in-
corporated, thereby sparing de novo
lipid synthesis.”

Amino acids and carbohydrates. Analysis of the
amino acid requirements of the mycoplasmas has
been difficult because of the lack of a chemically
defined medium. Only M. hominis type 2 has been
studied, and this species, which does not ferment
carbohydrates, has a requirement for L-arginine,
L-aspartic acid, L-cysteine, L-glutamine, L-
glutamic acid, pL-isoleucine, L-methionine, DL-
phenylalanine, and pi-tryptophan (238, 240).
These amino acids do not serve as the carbon or
energy source.

M. hominis type 2 has a requirement for the
pentose sugars of nucleic acids either in the form
of the free sugar or as nucleoside (164). Other
carbohydrates are not essential for this human
species (238). Three other human species resemble
M. hominis type 2 in that they are unable to
utilize glucose or a series of related carbohydrates
(82). Two recognized human species, M. fer-
mentans and M. pneumoniae, differ in that
they can utilize glucose (82, 103, 257). Certain
avian strains of Mycoplasma (105), M.
mycotdes (219), and M. lavdlawi (213, 222,
243) can also utilize glucose as a carbon and
energy source. Glucose also appears to satisfy
these requirements for the L forms (1, 209, 214).

Thus, all mycoplasmas can be divided into two
groups—fermenters and nonfermenters. It is in
this latter group that we find most of the human
strains.

Nucelic acid requirements. M. hominis type 2
has been demonstrated to require ribonucleic
acid (RNA), DNA, guanine, and hypoxanthine
(238). Subsequently, it was found that the nucleic
acids could be replaced by guanine, uracil,
cytosine, ribose, and deoxyribose (164).

Vitamin requirements. Very little information is
available concerning the vitamin requirements of
the mycoplasmas. What little is known indicates
that the requirements of most strains are similar.
Human strains of mycoplasma apparently re-
quire choline, inositol, biotin, folic acid, panto-
thenate, pyridoxine, and thiamine (238).

Chemical Composition

There are no reports on the elemental or ash
composition of any of the mycoplasmas or L
forms. Studies of chemical composition have been
directed primarily toward the constituents of the
mycoplasma membrane. In this connection, a,e-
diaminopimelic acid, a typical constituent of the
cell wall of some bacteria, is absent from all
mycoplasmas and most L forms (136, 200, 204
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253). Small amounts of this material, however,
have been detected in the Proteus L form, L 9
(276, 277). The membrane of cholesterol-requir-
ing mycoplasmas contains this sterol, whereas
bacterial membranes do not. There are no other
essential differences between the chemical
composition of the mycoplasma strains tested
and bacteria, except for a lower nucleic acid
content of the former (134, 166, 167). Deoxy-
ribose nucleic acid has been found in the range
of 1.5 to 4.09% of the dry weight and remains
relatively constant throughout the growth cycle,
whereas RNA is found to range from 3 to 10%,.
The latter increases rapidly during the logarith-
mic phase and is at its lowest level during the
stationary phase (137, 166, 177, 275). The base
content and ratios have been determined for only
two human species, M. hominis type 2 and M.
pneumoniae (166, 187a).

The carbohydrate content of the human
mycoplasmas has not been reported. Variable
values of carbohydrate, ranging from 0.1 to 10%
of the dry weight, have been found for other
mycoplasmas (27, 177, 204, 205). The carbo-
hydrate constituents of the bacterial cell wall are
missing from the mycoplasmas and L forms.

The sterol composition of the mycoplasmas has
been investigated more thoroughly than have
other chemical constituents, undoubtedly be-
cause of the unique requirement for these com-
pounds. A large proportion of the dry weight of
M. hominis type 2 consists of both free and
esterified sterol. The sterol-nonrequiring sapro-
phytes, M. laidlawii strains B and B 15, were
found to contain no sterols (167). The incorpora-
tion of cholesterol solely into the nonsaponifiable
lipid fraction of M. hominis type 2 was found in
both growing and resting cells (252). Parasitic
human mycoplasma strains contain 10 to 209,
total lipid, of which 50 to 65% is nonsaponifi-
able, whereas sterol-nonrequiring strains contain 8
to 99, total lipid with the same proportion non-
saponifiable (254). M. hominis type 2 contains
nonsaponifiable sterol identical with the sterol
in which it is grown (222, 241). M. hominis type 2
contains approximately 0.13 to 0.29% of lipid
phosphorus by dry weight (166).

Antibiotic and Chemical Sensitivity

Sulfadiazine and sulfanilamide were the first
bacteriostatic agents to which the mycoplasmas
were found to be resistant (13, 21). Subsequently,
mycoplasmas were also found to be resistant to
penicillin (14). Mycoplasmas as a group are
generally inhibited by low concentrations of
tetracycline compounds. They are also sensitive
in many instances to kanamycin; however, a
number of resistant mycoplasma strains have
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recently been found (116, 119, 257). An extensive
study of the antibiotic sensitivity of the myco-
plasmas was reported by Newnham and Chu
(190). The resistance of the mycoplasmas to
potassium tellurite, brilliant green, crystal violet,
basic fuchsin- Nile blue A, sodium azide, and
thionin is somewhat greater than that of bacteria,
but not enough to justify their use in any selec-
tive media (25, 78). All mycoplasmas tested thus
far, except for the T strains, are resistant to
1:1,000 thallium acetate, which is highly bacterio-
static for aerobic spore-formers and gram-nega-
tive bacteria (78, 179).

Conversely, certain agents and environmental
conditions which are harmless to most bacteria
have been found to be harmful to the myco-
plasmas. Distilled water and physiological saline
have been reported to cause rapid loss of vi-
ability, as has broth free from serum (251, 255).
The human genital mycoplasmas have also been
found to be very susceptible to ordinary hand
soap (140), and certain brands or batches of agar
have been found to be deleterious (165, 251).

HuMaN SpECIES OF MYCOPLASMAS
Well-Characterized Species

Nomenclature. The first human mycoplasma
strain to be recognized was recovered from a
Bartholin’s gland abscess (65). Subsequently,
many strains were recovered from the oro-
pharynx (23, 183, 237, 248), urogenital tract,
lower intestinal tract, brain (199), and blood. Un-
fortunately, most of these isolates were not
characterized antigenically or stored for subse-
quent analysis. Thus, the relationship of most of
these isolates to each other and to contemporary
prototype species remains unknown.

In 1953, several strains recovered from the
mouth were shown to differ antigenically from
isolates obtained from the genital tract (66). The
following year, a more extended serological analy-
sis of a representative collection of human
isolates indicated that these organisms could be
separated into four antigenically distinct species
—M. hominis type 1, M. hominis type 2, M.
salivarium, and M. fermentans (191). In 1962, the
etiological agent of cold agglutinin positive
atypical pneumonia was shown to be a myco-
plasma. This organism, designated M. pneu-
moniae, was found to be distinct from the four
prototype species (38, 43, 266).

Another mycoplasma, first isolated from tissue
cultures (116, 141a, 154, 155, 156) has recently
been found to be a common inhabitant of the
oropharynx (50, 124, 263) and has been demon-
strated to be a separate species (50, 124, 155).
This mycoplasma has been named M. orale by
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TaBLE 1. Recovery of Mycoplasma species from different sites in healthy (H) and 3ll (I) individuals

Site M.t:g'emlm: Mt;wpz' '2”“ sali::;ium M. orale fermg;lam pneulﬂlt;miae T strain
Oropharynx H, I H, I HI H, I
Lung I
Pleural fluid I
Blood I
Ovary or fallopian tube I
Cervix or vagina H1I H,1(?) I HI
Urethra H, I H,I({) H, I
Glans penis I
Anal canal H,1

TABLE 2. Frequency of recovery of Mycoplasma species from oropharynz of healthy individuals

Per cent from whom indicated species was recovered

. No. Ref-
. Location Age tested | M. | M. | M | . | . | M | Uni erence
saliva- orale | Jerm- | pneu- | denti- | Total
type 1 | type 2 | rium 17 fied

Amsterdam, The Neth- | Young adults| 27 0 (1] 85 0 0 0 0 85| 194
erlands

Chapel Hill, N.C. and Not speci- 93 1 0 16 | 72 0 0 0 89| 50
Kansas City, Kan. fied
Washington, D.C. Infants and
young chil-
dren 206 2 0 9 8 0 0 1 20 | 29
Adults 423 4 0 18% | 22* | 0 0 2 46 | 184

* In these instances, 0.5%, yielded both M. salivarium and M. orale.

TABLE 3. Recovery of mycoplasmas from males with and without genitourinary-tract disease during
controlled studies

Il Not Il
Syndrome No. Percent No. Per cent Identity of isolate Reference
tested positive tested positive
Nonspecific urethritis 45 7 28 14 Not identified* 228
70 20 67 0 Not identified 15
839 17 50 0 Not identified 114, 115
61 18 60 16 Not identified 175
140 26 90 13 Mycoplasma hominis type 1 191
75 11 20 0 Not identified 274
38 53 57 33 Not identified 234
109 30 28 54 Not identified 101
120 27 115 19 Not identified 218
631 14 28 18 Not identified 72
65 48 100 3 M. hominis type 1 146
75 44 51 10 Not identified 279
44 43 80 14 Not identified 126
45 60 55 22 T strain 99
45 18 55 16 “Large colony’’t
100 79 200 34 T strain 96
100 27 200 24 ‘Large colony”’
Cystitis and other uri-
nary-tract infections 88 52 98 35 Not identified 12

* Not identified serologically.
t Large-colony strains as distinct from T strains.
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some (263) and M. pharyngis by others (50). It
would appear that at least three additional hu-
man species have been isolated and that more
probably exist.

Doubt has been expressed concerning the
human origin of M. hominis type 2 (156).
Initially, this organism was described as a com-
mon genital strain in the U.S.A. (66). Workers in
Europe could not confirm this relationship nor
were they able to recover the organism from the
genital tract (191).

Recent studies indicate that M. hominis type
2 is antigenically indistinguishable from M.
arthritidis, a species which is indigenous to rats.
For this reason, it has been suggested that the
organism is indigenous to the rat and on oc-
casion can be found in man as a commensal or
saprophyte (156).

Ecology. M. hominis type 1 has been recovered
from many different sites, ranging from the oro-
pharynx to the genitourinary tract (Table 1). It
is of interest that all the identified isolates from
blood and localized abscesses have been M.
hominis type 1 (260, 261). The distribution of the
other species appears to be more restricted; how-
ever, this may only reflect the limited sampling of
areas other than the oropharynx and genital
tract. Possibly the greater ease of isolation of M.
hominis type 1 may also play a role.

Frequency of <tsolation. The frequency of
recovery of the human species from the oro-
pharynx is shown in Table 2. M. salivarium and
M. orale are the organisms most frequently found
in the mouth and throat of healthy individuals,
and M. hominis type 1 is found less often (29, 50,
184, 215). M. pneumoniae has been recovered on a
few occasions from healthy individuals (111).

The frequency of recovery of human species of
mycoplasmas from the genitourinary tract of
healthy individuals is shown in Tables 3 and 4.
Most of the strains recovered have not been
identified serologically. Those strains which were
identified were M. hominis type 1 (146, 191).

Properties. The mycoplasmas recovered from
man have the same basic structure as those
species which infect birds and animals. Popula-
tions of infective organisms contain cells of
varying sizes, the smallest of which have a
diameter of 120 to 150 mu (70). The organisms
are bounded by a triple-layered limiting mem-
brane 75 to 100 A thick (70, 129, 212). The
inner and outer layers of the membrane are
electron-dense, and the middle layer is con-
siderably less dense. The cytoplasm contains
ribosomes which are generally peripheral in
location, and thin filaments which are centrally
located and presumably consist of nucleoprotein
(70, 89, 129).
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The fundamental biochemical properties of the
human species of mycoplasma have not been as
thoroughly investigated as have those of certain
animal and saprophytic strains. The most
thoroughly studied of the human species is M.
hominis type 2 (244), although there is a general
belief that this species should now be classified as
a rat strain. This organism requires cholesterol for
growth. Cholesterol is incorporated into the
limiting membrane where it functions structurally
and for physiological transport. Glucose and other
sugars are not metabolized; however, it appears
that a portion of the tricarboxylic acid cycle is

TABLE 4. Recovery of mycoplasmas from females
with and without genitourinary-tract
disease® during controlled studies

I Not Ill
. : Refer-
No. g(;_]rt No. cl:irt Identity of isolate ence
tested | posi- | tested | posi-
tive tive
18 | 44 17 6 | Not identified® 228
11 {27 | 101 | 17 | Not identified 15
46 | 26 15 0 | Not identified 115
35 | 48 40 | 22 | Mycoplasma hom- | 191
ints type 1
50 | 84 75 | 19 | Not identified 176
27 | 30 12 0 | Not identified 181
27 | 56 | 224 | 17 | Not identified 211
187 | 62 | 156 | 33 | Not identified 101
11 | 82 17 0 | Not identified 146
80 | 35 45 7 | M. hominis® 11
298 | 62 31 | 22 | Not identified 72
571 | 40 | 134 | 37 | Not identified 189
204 | 30 594 | 14 | Not identified 196

s Nonspecific cervicitis or vaginitis, or both.

b Not identified serologically.

¢ All strains antigenically similar but not com-
pared with recognized prototypes. Presumably
these strains were M. hominis type 1.

¢ Children 3 to 11 years old.

utilized for energy (271). The respiratory chain
of this organism is relatively complex and involves
quinones, flavoproteins, and cytochromes (271).
Arginine, glutamine, glutamic acid, and aspartic
acid are utilized rapidly by the organism, whereas
histidine, leucine, and threonine are utilized
slowly aerobically, and tyrosine and tryptophan
are utilized slowly anaerobically. Both M.
hominis types 1 and 2 convert arginine to
ornithine via a three-enzyme system (244). Little
is known of the metabolism of the other human
species of mycoplasmas.

Although the intermediary metabolism of
species other than M. homints type 2 has not
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been examined extensively, a number of bio-
logical properties have been defined for those
organisms (Table 5). The composite picture of
these properties presented by certain of the
human species is sufficiently distinctive to be
helpful in presumptive identification of isolates.

Naturally occurring strains of several species
either fail to grow or grow very poorly under
aerobic conditions. Such organisms grow well
when incubated in nitrogen and 5 to 109, COs.
Other species replicate equally well under aerobic
or anaerobic conditions.

Most of the human species grow well without
added yeast extract; however, two of the species
(M. orale and M. pneumoniae) have a require-
ment for this supplement and grow poorly in its
absence (38, 119, 124, 263). The nutrient(s)
supplied by yeast extract is heat-stable, water-
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“mulberry” colony without a light peripheral
zone.

Only two of the species, M. pneumoniae and
M. fermentans, ferment glucose and a series of
other sugars including xylose, mannose, maltose,
dextrin, and starch (82, 103, 259). One of these
species, M. pneumoniae, is unique among the
human species in producing complete lysis of
certain mammalian red cells within 24 to 48 hr
(48, 103, 259). The other human species lyse red
cells, but at a slower rate, and generally lysis is
incomplete. When red cells are added to an agar
plate containing colonies of M. pneumoniae, they
are adsorbed directly onto the mycoplasma
colonies (60). M. pneumoniae is the only human
species which hemadsorbs erythrocytes. Sub-
sequently, the absorbed erythrocytes lyse. M.
pneumoniae is also unique among the human

TABLE 5. Biological properties of human Mycoplasma species

Growth Aero-
_ . menta: | Iysiof | Hem- | bic re-
Species An- A Reﬁltli;‘:; Colonial morphology tlgﬁl .Of fg)?g“:-?i sorp- | tion of
ag‘ig' oﬁ{c rz%?:gt Rate cose cells tion z';ﬁtlrﬁ‘;
M. hominis + | + 0 Rapid “Fried egg,” smooth or 0 | Slow 0 0
type 1 foamy periphery
M. hominis + | + 0 Rapid “Fried egg,”’” smooth 0 Slow 0 0
type 2 periphery
M. salivarium| + | O 0 Rapid ‘“Fried egg,”’” smooth 0 Slow 0 0
periphery
M. orale + | £ + Moderate | “Fried egg,”’ small 0 | Slow 0 0
periphery
M. fermen- + | 0 Moderate | Granular, often without + | Slow 0 0
tans periphery
M. pneumo- + | + + Slow Granular, usually with- + | Rapid | + +
niae out periphery

soluble, and nonprotein in nature (116, 119, 258).
Differences in growth rates on agar or in broth
exist among the species that infect man, but
these species differences are only relative and
tend to decrease as isolates become “adapted’ to
growth on laboratory medium.

Most strains of human origin produce the
classic ““fried-egg” colonies on agar medium.
Certain generalizations concerning the ratio of
the central to peripheral zones can be made;
however, colonial morphology is a labile property
which is influenced by many variables, such as
medium composition, agar concentration, and
other environmental conditions. Colonies of 1.
orale tend to have a small central dense zone,
whereas colonies of 1. hominis type 1 or M.
salivarium usually have a wider central zone. M.
pneumoniae usually grows as a dense spherical

species in reducing tetrazolium under aerobic
conditions (151).

Antigenic relationships. A number of techniques
have been used to define the antigenic relation-
ships among the human species. Complement
fixation (CF) has been used most often for this
purpose. Agglutination of mycoplasma suspen-
sions has also been quite useful; however, the
problem of instability of antigen preparations has
limited the use of this method (30). Growth in-
hibition tests in which antiserum is applied to the
agar surface have yielded highly specific results;
however, the sensitivity of this method for meas-
urement of antibody is quite low (50, 87). In-
direct hemagglutination (IHA) of sensitized
tanned red cells has proved to be both a highly
specific and sensitive assay technique (71, 263,
265). Interpretation of the antigenic relation-
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ships of the mycoplasmas is often impaired by the
existence of mixed cultures of different strains. It
is important to point out that all mycoplasma
cultures should be cloned, and isolated colonies
should be used for the preparation of antigens.
The six human prototypes (M. hominis type 1,
M. homainis type 2, M. salivarium, M. orale,
M. fermentans, and M. pneumoniae) have
been compared by CF, IHA, growth inhibition,
and. gel diffusion (50, 124, 154, 155, 156, 191,
263, 265, 266). These species were antigenically
distinct when tested by each of these techniques.
The most specific results were observed in growth-
inhibition tests (50, 124, 263). There was no evi-
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shown in Table 6 and two units in the other study.
A series of related antigens has been identified
by gel diffusion, particularly among M. hominis
types 1 and 2, M. salivartum, and M. orale (263,
265, 266).

Strains within a given species may exhibit some
differences in antigenic composition. This was
first noted for genital strains of M. hominis type 1
examined by agglutination when one strain was
not agglutinated by antisera to other strains,
whereas its antiserum agglutinated both itself
and the other strains (191). Subsequently, a gel-
diffusion and immunofluorescent analysis of the
prototype M. hominis type 1 strain (recovered

TABLE 6. Antigenic relationships of human Mycoplasma species by complement fixation*

Rabbit antiserum M 't;rpe 1 u t},'pe 2 M. salivarium M. orale /ermlelf;l ans M. pneumoniae
M. hominis type 1 1,280 20 160 160 <20 <20
M. hominis type 2 40 2,660 160 <20 <20 <20
M. salivarium <20 40 2,560 40 <20 <20
M. orale 160 160 1,280 2,660 <20 <20
M. fermentans <20 <20 <20 <20 80 <20
M. pneumoniae <20 <20 80 <20 <20 640

* Reference 263. Eight units of antigen used in this test. Results are expressed as the reciprocal of
the complement-fixation antibody titer with the indicated antigen. Homologous titers italicized.

TABLE 7. Antigenic relationships of human Mycoplasma species by indirect hemagglutination*

M. hominis M. hominis

Rabbit antiserum type 1 type 2 M. salivarium M. orale M. fer M. p
M. hominis type 1 10,240 or > <20 20 40 80 40
M. hominis type 2 40 10,240 or > 20 40 20 40
M. salivarium 80 20 10,240 <20 40 40
M. orale 40 <20 80 10,240 40 20
M. fermentans 40 80 40 40 640 80
M. pneumoniae 20 <20 <20 <20 <20 5,120

* Reference 263. Results are expressed as the reciprocal of the serum titer with sheep erythrocytes

sensitized with the indicated antigen.

dence of antigenic similarity among the human
prototypes when they were examined by this
method. However, these organisms share related
antigens which are demonstrable by other sero-
logical techniques such as CF, IHA, and gel
diffusion (50, 154, 155, 156, 263, 265, 266). Ex-
amples of antigenic relatedness are shown in
Tables 6 and 7 (263). Related antigens were more
evident when prototype strains were tested by
CF than by IHA (263). In the test shown in
Table 6, M. orale antiserum reacted in CF with
M. salivarium antigen to almost the same titer
as with the homologous strain. In another study,
this relationship was less striking (50). These
differences probably reflect the total antigenic
mass used for testing: eight units in the test

from the genital tract) and two M. hominis type
1 isolates from the oropharynx indicated that the
former was deficient in an antigen which was
prominent in the oral strains (266).

Partially Characterized Species

In addition to the six well-characterized species,
four groups of strains have been described which
appear to represent distinct species.

New isolates from the oropharynz. The first
group comprises a series of four isolates from the
oropharynx (265). These strains grow aerobically
and anaerobically, and produce incomplete lysis
of guinea pig erythrocytes, but they do not fer-
ment glucose. They form a homogeneous anti-
genic group which is distinct from the six recog-
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nized human species. Antigenic distinctness was
demonstrated by growth inhibition, IHA, CF,
and gel diffusion. However, one or more of the
antigens of the newly recognized strains are re-
lated to antigens of the six recognized species,
particularly M. orale and M. hominis type 2.

The designation M. orale type 2 has been sug-
gested for these strains. It is probable that this
term will be used only temporarily, because it is
now clear that a numerical system of nomencla-
ture is required for the human mycoplasma
species.

The new oral strains appear to be infrequent
inhabitants of the mouth and throat. Such strains
were recovered from 19, of 629 persons sampled
in the Washington, D.C. area (29, 184).

Navel strain. The navel strain was recovered
from a skin lesion of the umbilicus (225). Other
similar strains have not been recognized. The
organism, which is nonfermentive, is antigenically
distinet from the six recognized species and from
the new oral species (156, 265). The significance
of the navel strain cannot be assessed at present,
since it has not been determined whether the
organism is pathogenic or saprophytic.

T strains. T strains have been recovered with
some frequency from the urogenital tract (96, 99,
236). These strains are characterized by the
unique property of producing on agar very small
colonies which rarely exceed 15 to 25 u. On pri-
mary isolation, the organism is usually found in
close association with urethral epithelial cells
which contain cytoplasmic inclusions (235, 236).
The T strains grow best on tryptic-heart digest,
ascitic fluid-agar, or on-the medium of Hayflick
(38, 119) in 80% nitrogen and 20% CO. (94). The
organisms grow rapidly in broth, reach maximal
numbers in 16 hr, agﬁ then rapidly lose viability
(94). The morphology of the small colonies which
form on agar is similar to that of the recognized
mycoplasma species, except for size (98). Un-
fortunately, it has not been possible to prepare
sufficient quantities of the organisms for immuni-
zation of animals. Thus, the T strains have not
been compared among themselves or with the
recognized mycoplasma species. For this reason
it is not known whether the T strains represent
one or a number of serological types.

Isolates from tissue cultures inoculated with
human matertal. A number of mycoplasma strains
have recently been recovered from tissue cultures
inoculated with materials from human sources
3,9, 107, 186, 186a, 226). In each instance, serial
“blind passages” were performed with cultures
free from contaminating mycoplasmas. Many of
the strains were not recognized until a cytopathic
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effect (CPE) developed during subpassage. This
effect was then transmissible in series. Initially,
many of these agents were thought to be viruses
(187) ; however, subsequent studies indicated that
they were mycoplasmas (107, 111a). In several in-
stances, after propagation in broth medium, the
mycoplasma strains were shown to produce a
CPE in tissue culture which was identical to that
observed during the “blind subpassage’ series.

The sequence of events just described has oc-
curred after inoculation into tissue culture of
organ suspensions from patients with leukemia
(107, 186, 1864, 187), a variety of solid tumors
(3, 226), lupus erythematosis (9), Reiter’s syn-
drome (9), and rheumatoid arthritis (9). These
strains ferment glucose and are antigenically un-
like the usual tissue culture contaminants, M.
homanis type 1 and M. orale, as well as the other
recognized human mycoplasma species. Prelimin-
ary analysis suggests that the new strains com-
prise at least two antigenic groups (3, 107, 257,
264).

The origin and significance of these strains is
not clear. Their absence from parallel passage
series of cultures not inoculated with human ma-
terial suggests that the organisms were present in
the original specimens. The possibility that they
represent contaminants, however, has not been
ruled out in all cases. Recently, mycoplasmas
having similar properties were recovered in in-
dependent laboratories from uninoculated tissue
cultures (26, 106, 257). These strains produce
CPE in tissue cultures, ferment glucose, and are
antigenically related to one of the groups of
strains recovered from cultures inoculated with
human tumor material. The relationships and
significance of these mycoplasmas recovered from
tissue cultures inoculated with human tumor tis-
sue suspensions remain to be assessed.

Isolate from human leukemia. The direct isola-
tion on agar of mycoplasmas from three bone
marrow samples obtained from a child with acute
lymphoblastic leukemia has been reported (119a).
This isolate, called N-1, is the first mycoplasma
obtained directly from a human malignancy
without the use of tissue culture. Of the three
children whose leukemic marrows were tested,
the only positive isolation was made from an un-
treated, recently diagnosed case. Growth-inhibi-
tion studies indicated that the isolate was a strain
of M. orale type 1 or one of its subspecies with the
unusual property of remaining viable at high con-
centration for a period of time in excess of 3
months at 37 C. The relationship of N-1 to human
leukemia is unknown, and the possibility that
N-1 is a laboratory contaminant cannot be abso-



VoL. 29, 1965

lutely excluded. However, the circumstances sur-
rounding the isolation make such an explanation
unlikely (119a). The view that mycoplasmas may
sometimes be found even secondarily to the leu-
kemic process makes it interesting to speculate
on their effect upon myelopoiesis.

At the very least, the isolation of mycoplasmas
either directly or indirectly from human malig-
nancies implies a serious potential pitfall for
virologists. Some mycoplasmas share all or some
of the following properties with certain viruses:
size, filterability, ether sensitivity, ability to
hemagglutinate and to cause hemadsorption, in-
terference with virus replication in vitro, lack of
inhibition by many antibiotics, neutralization by
homologous antisera, and production of CPE.
Thus, investigations directed toward elucidating
the role of viruses in malignant disease are now
made even more difficult by the possible presence
of mycoplasmas. It should, therefore, be of para-
mount importance to include a test for the pres-
ence of mycoplasmas in the description of any
new virus isolate. The salient criterion must be
the demonstration of characteristic colonial
growth on agar.

RoLE oF MycoprLAsMAS IN HUMAN DISEASE
Respiratory Disease Caused by M. pneumoniae

Primary atypical pneumonia. In the late 1930’s
and early 1940’s, a broad group of nonbacterial
pneumonias was first recognized and given the
name primary atypical pneumonia (PAP; 69,
73). The name was applied to pneumonia which
was unlike the typical lobar disease caused by
Diplococcus pneumoniae. A description of PAP
as a clinical syndrome was necessary at the time,
because the etiological agents involved were not
known. In 1943, it was first noted that many
patients with the atypical pneumonia syndrome
developed cold agglutinins during the course of
illness (202). Since that time, a test for such
antibody has been widely used as a nonspecific
serodiagnostic procedure.

During the past 10 years, it has become clear
that atypical pneumonia is a syndrome of
multiple etiology. In certain age groups and
ecological settings, adenoviruses, influenza A and
B viruses, parainfluenza type 3 virus, and
respiratory syneytial virus have been defined as
important causes of this syndrome (40, 44).
These viral agents, however, have not been
implicated in that portion of the atypical pneu-
monia syndrome characterized by a cold ag-
glutinin response.

Studies during and shortly after World War 11
indicated that cold agglutinin positive atypical
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pneumonia was a distinct epidemiological entity.
Individual illnesses, however, could not be dis-
tinguished clinically from pneumonias not as-
sociated with a cold agglutinin response, although,
as a group, the former were found to be more
severe and prolonged than the latter. Careful
epidemiological investigation indicated that the
average incubation period was 2 weeks, an
unusually long interval for an acute respiratory
illness (133). Human volunteer studies per-
formed by the Commission on Acute Respiratory
Disease revealed that the etiological agent was
filterable (55).

History of the agent. During the late 1930’s
and early 1940’s, a series of agents was recovered
from different animal species inoculated with
specimens from patients with PAP (73). Most of
these organisms were probably indigenous to the
animal species used and were activated by the
inoculation procedure. One organism, the Eaton
agent, was an exception, and the circumstances
surrounding its recovery suggested that it came
from patients with PAP (77). All subsequent
studies have confirmed this relationship.

In the original Eaton agent study, embryonated
eggs were inoculated with filtered sputum from
patients with PAP. The inoculated eggs did not
show any definite pathological change. Tissue
suspensions and extra-embryonic fluids from
these eggs, however, produced pneumonitis when
given intranasally to hamsters or cotton rats
(77). The agent was successfully propagated
serially in eggs, and material from successive
passages produced pneumonitis in cotton rats
and hamsters. When filtered sputum from PAP
patients was administered directly to cotton
rats and hamsters, pneumonitis also developed;
however, serial passage of this effect in these
animals was unsuccessful (73, 77). Early studies
were hindered by the fact that lung lesions were
observed in only a portion of inoculated animals,
but not in all. In addition, cotton rats and
hamsters were subject to pneumonia resulting
from activation of their own latent viruses (73).

Gradocol membrane filtration of infected
chick-embryo material indicated that the organ-
ism was between 180 and 250 mu in diameter
(73). In later experiments, both chlortetracycline
and streptomycin were shown to inhibit infec-
tivity (74, 76).

In 1957, it was shown that the Eaton agent
could be observed in the chick embryo lung by
immunofluorescence (160). Specific antigen was
localized in the area of the bronchial epithelium.
Adaptation of immunofluorescence for recog-
nition of infection in eggs represented a major
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advance, because it made possible quantitation
of the organism and its antibody. Subsequently,
it was shown that the agent grew in primary
tissue cultures prepared from chick-embryo yolk
sac or monkey kidney (37).

Etiological role in respiratory-tract disease. Data
obtained during the earliest Eaton agent studies
suggested that this organism was related to the
PAP syndrome. Thus, the agent was recovered
most often during the early phase of illness and
from individuals who developed cold agglutinins
(73). In addition, neutralization tests performed
in hamsters, and, subsequently, indirect immuno-
fluorescence studies, provided serological con-
firmation that cold agglutinin positive PAP
patients were infected with the Eaton agent. In
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disease have provided convincing evidence that
the Eaton agent is a human respiratory-tract
pathogen (35, 41, 43, 56, 162). Thus, in two
separate populations, infection with the organism
was detected significantly more often among
patients with moderate to severe respiratory
diseases than among comparable individuals free
from such illness (Table 8; 35, 41). The specificity
of the fluorescent-antibody response was indi-
cated by recovery of the organism from 26 of 30
serologically positive military recruits (41, 42).
Final proof that the Eaton agent can produce
respiratory disease in man was provided during
a series of studies in volunteers (45, 58, 216).
In these studies, 69 individuals without fluo-
rescent antibodies and 25 individuals with

TaBLE 8. Evidence for etiological role of Mycoplasma pneumoniae in human respiratory-tract illness

Study g | Percent
(refer- | Method of investigation Group Time Diagnosis S pfosntwe
ence) s8 or M.
Z pneumoniae
1 Neutralization test | Respiratory dis- | 194145 | Atypical pneumonia 84 62
(77a) in rodents ease patients, Bacterial or viral pneu- 25 0
civilian adults monia
Influenza A 27 3
2 Fluorescent anti- Marine recruits | 1959-60 | Pneumonia 238 68*
(41) body with chick- Febrile respiratory illness | 144 28
embryo lung sec- No respiratory-tract dis- 262 6
tions ease
3 Fluorescent anti- Infants and 1957-59 | Undiagnosed lower res- 110 16
(35) body with chick- children, hos- piratory-tract disease
embryo lung sec- pitalized Diagnosed viral lower res- | 42 2
tions piratory-tract disease
No respiratory-tract dis- 64 0
ease

* M. pneumoniae was recovered from 26 to 30 individuals who developed a rise in fluorescent anti-

body.

spite of these findings, some reservations were

expressed concerning the relationship of the’

organism to the PAP syndrome. In part, these
reservations were based on the finding that PAP
patients develop antibodies to a number of
“bizarre” antigens (normal tissue suspensions
from mice, chick embryos, etc.; 267). In addition,
infectivity and serum antibody end points were
not always clear because, generally, only a
portion of animals inoculated with infectious
material developed lung lesions. However, the
1941-1945 studies clearly demonstrated that a
serological response to the Eaton agent occurred
most often among patients with atypical pneu-
monia (Table 8; 77a).

During the past 5 years, controlled epidemio-
logical investigations of naturally occurring

naturally acquired fluorescent antibody for M.
pneumoniae were challenged experimentally. Of
the 69 volunteers free from fluorescent antibodies,
27 were infected with M. pneumoniae grown in
tissue culture. Three of these volunteers de-
veloped pneumonia, and 7 developed febrile
respiratory disease without pneumonia; all 27
acquired fluorescent antibody for M. pneumoniae,
and 12 developed cold agglutinins. The other 42
volunteers free from fluorescent antibodies were
infected with M. pneumoniae propagated in
cell-free agar. Of these, none developed pneu-
monia, but eight developed febrile respiratory
disease without pneumonia; 38 of the 42 acquired
fluorescent antibody for M. pneumontae, and 31
developed cold agglutinins. Thus, 18 of the 69
volunteers free from fluorescent antibodies de-
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veloped a febrile respiratory illness, with or
without pneumonia. None of the 25 volunteers
with naturally acquired fluorescent antibody
(1:10 to 1:80) developed pneumonia, febrile
respiratory disease, or cold agglutinins when
challenged with the M. pneumoniae grown in
tissue culture.

Recognition as a mycoplasma. For a number of
years, the Eaton agent was considered to be a
virus. Doubts arose when the organism was
found to be inhibited by chlortetracycline and
streptomycin (74, 76). Subsequently, several
observations suggested that the agent might be
a mycoplasma. First, small coccobacillary bodies
were visualized on the mucous layer covering the
bronchial epithelium of infected chick embryos,
and the distribution of these bodies corresponded
with the localization of the agent as determined
by immunofluorescence (108, 168a). Second,
extracellular ‘“‘colony-like” structures were seen
in stained preparations of infected tissue cultures,
and these structures corresponded to the areas of
specific immunofluorescence (49, 49a).

The nature of the Eaton agent was finally
established when it was successfully cultivated
by us on a cell-free agar medium (38, 119).
This medium, developed by Hayflick, was a
modification of a formula described by Edward
(78). Colonies developed 6 to 7 days after a
tissue culture-adapted strain was inoculated onto
an agar medium composed of seven parts Difco
PPLO Agar, two parts unheated horse serum,
and one part 259, fresh yeast extract (38, 119).
The colonies were circular and partially embedded
in the agar, and they had a homogeneous granular
appearance like a mulberry. Characteristically,
these colonies lacked the light peripheral zone
typical of many mycoplasma species. Growth
also occurred in broth medium identical in
composition to the agar medium except for the
omission of agar. The organism did not grow
when horse serum was omitted from the medium.
When studied with the Dienes stain (64, 67, 68),
the colonies were seen to contain many blue
densely staining small granules which resembled
those observed with other mycoplasma species.

The morphological and nutritional properties
of the agar-grown organism indicated that it
was a member of the genus Mycoplasma (38, 88).
The identity of this organism was then es-
tablished by immunofluorescence with the use of
specific rabbit sera and paired sera from patients
with Eaton agent pneumonia. In a series of tests
with 15 sets of paired sera from patients with
Eaton agent pneumonia, a 1:10 dilution of each
acute-phase serum failed to stain the colonies,
whereas intense fluorescence was observed with
a 1:20 to 1:80 dilution of convalescent serum
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(38). In addition, rabbit antiserum prepared
against the egg-grown FH strain of Eaton agent
produced intense fluorescence of the mycoplasma
colonies, whereas it failed to stain other myco-
plasma species of human, bovine, or avian origin.
These findings indicated that the agar-grown
mycoplasma was indeed the same as the Eaton
agent. Recently, the organism was designated
M. pneumoniae by us and other workers in the
field (36). However, in view of the valid criticisms
of multiple authorship in taxonomic papers (172),
the authority for this new microorganism would
be M. pneumoniae Chanock and Hayflick, 1963.

Retrospectively, the claim by Griinholz (113)
in 1950 to have isolated mycoplasmas from 100
cases of “virus pneumonia’ in infants may have
had some validity, despite criticisms by others
that these were artifacts (16).

Growth and nutritional properties. Yeast extract-
horse serum-agar supports the growth of naturally
occurring M. pneumoniae as well as of laboratory
strains (4, 42, 38, 119). By use of agar prepared
according to this formula, it is possible to recover
the organism from most naturally infected indi-
viduals (4, 42, 111). M. pneumoniae grows
equally well under aerobic and anaerobic con-
ditions.

Serum from the pig, the cow, or the rabbit
can be successfully substituted for that of the
horse. Egg yolk can also be substituted for horse
serum (130). Serum or egg yolk provides cho-
lesterol plus other as yet undefined growth
factors.

Yeast extract supplies water-soluble growth
factors of low molecular weight (258). These
compounds will pass through a dialysis membrane,
and dialysates of yeast extract are as active in
promoting growth as the extract itself. When
yeast is omitted from the medium, growth either
is limited or fails to occur. However, it is possible
to select variants which grow to moderate titer
under such conditions by repeated passage on
yeast-free agar (34, 116). In several instances,
naturally occurring strains of M. pneumoniae
have been recovered on yeast-free agar plates
(34). The most actively proliferating ‘“yeast-
nonrequiring” variants still require yeast, how-
ever, for optimal growth; a 100- to 1,000-fold
increase in level of growth occurs when yeast is
added to the medium (257). In broth or agar
medium, growth of M. pneumoniae is slower than
that of other human mycoplasma species. The
mean generation time for a well-adapted strain in
liquid medium is approximately 6 hr (51, 116).
Generally, naturally occurring strains do not
produce detectable colonies on agar before the
6th to 20th day of incubation. When such isolates
are serially propagated, growth becomes more
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rapid; however, the most rapidly growing strains
do not produce colonies in less than 60 to 72 hr.

The typical M. pneumoniae colony measures
10 to 150 u in diameter, has a coarse “mulberry”
surface, and lacks a peripheral halo. The last
property is not fixed, since colonies on sparsely
populated plates or on swine serum-agar may
develop a peripheral halo (34, 103, 116). Spherical
“mulberry’” colonies measuring 100 to 200 u
characteristically develop in liquid medium.
These colonies stain intensely with neutral red
and are easily observed by this method (34).

Biochemacal properties. M. pneumoniae ferments
a variety of sugars, including glucose, xylose,
mannose, maltose, dextrin, and starch (103, 259).
This serves as a useful property for distinguishing
this organism from most other human myco-
plasma species, since only M. fermentans alsa
ferments glucose and other sugars (82). Utili-
zation of sugars is accompanied by an accumu-
lation of acids. In liquid medium containing 19,
glucose, a rapid fall in pH occurs when growth
reaches maximal levels. Incorporation of phenol
red in the liquid medium permits observation of
this phenomenon and serves as a useful guide to
growth of the organism during experimental and
diagnostic studies (111, 162a).

Hemolysis and hemadsorption. M. pneumoniae
differs from other human mycoplasmas in pro-
ducing a hemolysin which completely lyses
guinea pig and certain other mammalian red
cells within 24 to 48 hr (48, 259). Circular areas
of complete (B) hemolysis develop when agar
plates containing colonies are overlaid with a 3%,
suspension of guinea pig red cells in agar. A
mycoplasma colony is present in the center of
each hemolytic plaque, but the peripheral area is
free from colonies, indicating that the hemolysin
is freely diffusible in agar (259).

Under optimal nutritional conditions, each
colony manufactures sufficient hemolysin to pro-
duce a hemolytic plaque (259). Hemolytic plaque
formation is inhibited when colony density be-
comes too high, thus suggesting that nutrients
essential for hemolysin production are depleted
when overcrowding occurs. Yeast extract supplies
one or more nutrients essential to hemolysin
production, since colonies on ‘‘yeast-free” agar
are unable to form hemolytic plaques (258). An
oxidative step is essential to the production and
/or action of the hemolysin because anaerobiosis
inhibits hemolysis (258). When colonies are re-
moved from the agar by micromanipulation,
hemolytic plaques do not form at that site. This
finding suggests that the hemolysin is labile and
is continuously produced by the colony. The
hemolysin has a low molecular weight, as it is
small enough to pass through a dialysis mem-
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brane. Recent studies suggest that the hemolysin
is peroxide (257). It has been suggested that cold
agglutinins, which commonly develop during M.
pneumoniae infection, represent an autoimmune
response to red cells antigenically altered by the
action of hemolysin (43).

Guinea pig red cells are also altered by other
species of mycoplasma which infect man, but
hemolysis occurs at a slow rate (259). Small
greenish (o) zones of partial clearing develop
around colonies of these organisms, but complete
lysis does not occur. For this reason, the property
of 8, or complete, hemolysis provides a valid
basis for presumptive identification of M.
preumoniae isolates (48, 259).

Erythrocytes from a number of animal species
can adsorb to surface colonies of M. pneumoniae
(60). Subsequently, the adsorbed red cells lyse.
Other human mycoplasma species do not hem-
adsorb. It is likely that the hemolysin and
hemadsorption-lysis phenomena are related, but
this has not been investigated.

M. pneumonige differs from other human
mycoplasma species in two additional properties.
The organism reduces 2,3 ,5-triphenyltetrazolium
chloride aerobically and is not inhibited by
methylene blue at a concentration of 0.29%, (151).

Host range and pathogenicity. M. pneumoniae
grows in tissue cultures of avian, simian, and
human origin, usually without producing cell
destruction (37, 49). However, a delayed cyto-
pathic effect has been reported in a human
heteroploid amnion cell line (75). In infected
simian renal cultures, the organism produces
extracellular mycoplasma colonies which can be
visualized by Giemsa stain or immunofluo-
rescence (49). Serum-containing cell culture media
alone does not support the growth of M. pneu-
montae, and, although this point has not been
clarified, the cells may be providing nutrients
ordinarily supplied by the yeast extract in cell-free
media.

In embryonated eggs, the organism produces
an inapparent infection which is limited in most
instances to the bronchial epithelium (160).
Growth occurs primarily in the mucous layer
covering the epithelium rather than intra-
cellularly. Eggs 12 to 13 days old are most
susceptible to infection, presumably because
inoculated organisms are denied access to the
lungs until the tracheal plug is absorbed on the
12th to 13th day (160).

Cotton rats and hamsters are susceptible to
infection and develop microscopic or macroscopic
lung lesions 10 to 14 days after inoculation (59,
77). The lesions are peribronchiolar and consist
primarily of an infiltrate of mononuclear cells.
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In man, the effects of M. pneumoniae range
from inapparent infection to upper respiratory-
tract disease to bronchopneumonia (43, 45, 58,
216). This broad spectrum of effects has been
observed for both experimental and naturally
acquired infections. The majority of human
infections do not progress to a clinically evident
pneumonia. In two studies, it was estimated that
only 3 to 109 of infected individuals developed
recognizable bronchopneumonia (41, 45, 216).

In addition to respiratory-tract involvement,
M. pneumoniae has also produced ear disease in
experimentally infected volunteers (45, 216). Of
27 fluorescent-antibody-free individuals, 12 de-
veloped myringitis, often bullous, after infection
with a strain grown in tissue culture. M. pneu-
moniae infection has been detected in a number
of patients with naturally occurring myringitis;
however, an etiological role in this condition
cannot be assumed until data are available from
controlled studies (256).

M. pneumoniae can be recovered from the
oropharynx of most naturally or experimentally
infected individuals (42). The duration of ex-
cretion has not been studied extensively; however,
several findings suggest that the organism may
persist in the throat of convalescent individuals
for a prolonged period despite the presence of
high levels of serum antibody. A number of
volunteers were still shedding the organism
when last tested 4 weeks after infection, i.e., at a
time when high levels of fluorescent antibody
were present in the serum (58). M. pneumoniae
has been recovered from patients with high levels
of antibody in their acute-phase serum. Pre-
sumably, these individuals were sampled late in
the course of illness (42). Finally, the organism
was recovered from four patients 20 to 45 days
after onset of symptoms (111).

Whether variations in virulence for man exist
among natural strains of M. pneumoniae is not
known. A preliminary investigation involving 50
volunteers suggests that cultivation of the
organism on a cell-free medium, either agar or
broth, results in attenuation of M. pneumoniae
for man (58). Volunteers administered agar- or
broth-grown organisms developed significantly
less febrile illness than individuals given an
early-passage tissue-culture isolate. The former
material stimulated lower levels of fluorescent
antibody than the tissue-culture suspension;
however, these levels were in the range which is
known to confer protection against illness. These
experiments suggest that it may be possible to
develop a living attenuated vaccine for pre-
vention of M. pneumoniae respiratory disease.

Antigenic relationships. Antibodies for M.
preumoniae can be measured by five different
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serological techniques: immunofluorescence (162),
CF (39, 131, 266), IHA with sensitized tanned
sheep red cells (71, 263, 265), precipitation in
agar gel (266), and growth inhibition (50, 87,
124, 263). Each of these methods has been used
to characterize the antigenic composition of the
organism and to compare it with other myeco-
plasma species.

At least two and possibly three antigens have
been demonstrated for M. pneumoniae. Two and
probably three precipitation lines developed when
a concentrated suspension of the organism and a
potent rabbit hyperimmune serum were tested
by the gel-diffusion technique (264). The chemical
nature of the precipitating antigens is not known.
Possibly one of the antigens is the “lipid”
complement-fixing antigen which can be ex-
tracted from the organism by ether or chloroform
(138). When inoculated into rabbits, the “lipid”
antigen stimulates the development of comple-
ment-fixing antibody (138).

M. pneumoniae has been compared by a
number of different serological techniques with
the other mycoplasma species which infect man
(38, 43, 156, 263, 266). In each instance, it has
been found to be distinct from the other species
(Tables 6 and 7). Those antigenic relationships
which have been demonstrated have been minor.
The most specific results have been observed
in immunofluorescence and growth-inhibition
studies; in these tests, M. pneumonige did not
exhibit antigens related to those of other species.
It should be noted that paper-disc growth
inhibition and fluorescent-antibody staining of
mycoplasma colonies are relatively insensitive
methods of measuring antibody. M. pneumoniae
exhibited a minor degree of relatedness to other
organisms when tested by the sensitive IHA
technique; however, there was no question of its
specific antigenic composition (Table 7; 263).
Similar results were observed when the various
mycoplasmas of man were tested by the CF
technique (Table 6; 263). In different studies, M.
pneumontae antiserum has exhibited low-level
heterotypic reactions with M. salivartum and
M. homanis types 1 and 2 (263, 266). The existence
of these shared heterotypic antigens was also
observed in gel-diffusion experiments. It is
probable that the low-level heterotypic reactions
exhibited by M. pneumoniae represent true minor
antigenic relationships, since precautions were
taken to minimize the possibility of immunized
animals developing antibody for growth-medium
constituents. Immune sera were prepared by
inoculation of rabbits with antigens grown in
rabbit muscle infusion and rabbit serum (266).

Diagnosts of infection and antibody response.
Until recently, indirect immunofluorescence was
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the standard technique for serodiagnosis of M.
pneumoniae infection. This procedure is a sensi-
tive method for detection of antibody and for
diagnosis of infection; however, it is laborious
because frozen sections of infected chick-embryo
lung are used as the source of antigen (160).
The difficulties inherent in performing this test
have limited its application to serodiagnostic
and epidemiological studies. Since the identifi-
cation of the organism as a mycoplasma, a
number of new approaches to the problem
became possible. Several of these approaches,
all based upon growth of the organism in cell-free
medium, have proved successful, and have re-
sulted in the development of simple specific
diagnostic procedures.

The yeast extract-horse serum-agar medium
used for the first successful cultivation of 2.
pneumoniae was found to be an efficient system
for recovery of the organism from individuals
with natural infection (42). M. pneumoniae was
recovered from 12 of 13 pneumonia patients who
developed fluorescent antibody during con-
valescence, whereas it was not recovered from 14
seronegative pneumonia patients. The organism
was also recovered on the agar medium from
819, of 27 experimentally infected volunteers
(58).

Before specific identification is made by sero-
logical techniques, it is possible to recognize
most M. pneumoniae isolates by their slow growth
on agar and the homogeneous, granular ‘“mul-
berry” appearance of the colonies (38). Other
mycoplasma strains found in the oropharynx
characteristically produce ‘“fried-egg” or ‘“nip-
pled” colonies on agar. The property of rapid
hemolysis of guinea pig red cells can be used for
presumptive identification of M. pneumoniae
isolates (48, 259), as can hemadsorption (60).

Several serological procedures have recently
been developed which use antigens prepared
from organisms grown in broth. In the tetra-
zolium reduction inhibition (TRI) test, a live
suspension of organisms is used to measure
growth-inhibition antibody; inhibition of growth
is indicated by failure of tetrazolium to be
reduced (130a). In the IHA test, sonically
disrupted organisms are employed as antigen to
sensitize tanned sheep erythrocytes (71, 263).
Broth-grown mycoplasmas can also be used as
complement-fixing antigen (39). In infected
broth suspensions, a considerable portion of the
complement-fixing antigen is apparently smaller
or less dense than the organism; i.e., it can not
be sedimented with the organism (39). The
antigen(s) involved in complement fixation ap-
pears to be lipid in nature, because it can be
extracted from broth concentrates by ether or
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chloroform (138). Untreated or washed sus-
pensions of M. pneumoniae are usually anti-
complementary; however, this difficulty can be
overcome by phenol treatment or lipid extraction
of antigen (39, 138).

The highest antibody titers are usually ob-
tained in the IHA test (71, 264). Immuno-
fluorescence with frozen -chick-embryo lung
sections, CF, and TRI are relatively sensitive
methods for measurement of M. pneumoniae
antibody, but they are generally less sensitive
than the IHA technique. The least sensitive
methods for detection of antibody are immuno-
fluorescence with the use of mycoplasma colonies
transferred from the agar surface to glass slides
and growth inhibition with the use of serum-
impregnated paper discs placed on the agar
surface (50, 263).

Immunofluorescence (with chick-embryo lung
antigen) remains the most effective technique
for serodiagnosis of infection (39). The IHA and
CF methods are approximately 809, as efficient
as immunofluorescence (39, 264).

The ITHA technique, although it measures
higher levels of antibody than does immuno-
fluorescence, is less effective for diagnosis because
a proportion of naturally infected individuals
develop high levels of IHA antibody by the onset
of symptoms, whereas this occurs less often with
fluorescent antibody.

Antibodies measured by immunofluorescence
with chick-lung sections appear to confer pro-
tection against illness caused by M. pneumoniae
(45, 216). None of the 25 volunteers who possessed
such antibody developed febrile illness when
challenged with a strain of the organism grown
in tissue culture, whereas 10 of 27 men who
lacked this antibody developed febrile disease, in
3 instances accompanied by pneumonia. In a
similar fashion, TRI antibody, and to a lesser
extent THA antibody, also appear to confer
resistance to illness caused by M. pneumoniae
(232, 264).

Cold agglutinins and streptococcus MG agglu-
tinins. In six separate studies, a significant
relationship has been observed between M.
pneumoniae respiratory disease and the develop-
ment of cold agglutinins (Table 9; 41, 52, 56,
111, 162, 272). Of pneumonia patients who
developed cold agglutinins, 72 to 929, developed
specific antibody for M. pneumoniae, suggesting
that most cold agglutinin positive pneumonia is
caused by the organism (43). The reciprocal
relationship is less significant, and many patients
with M. pneumoniae infection fail to develop
cold agglutinins (41). The cold agglutinin response
is directly related to the severity of illness;
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however, a fair proportion of individuals with
mild illness develop this antibody (41, 54).

Patients with atypical pneumonia also develop
agglutinins for the MG strain of nonhemolytic
streptococei (268). These antibodies develop less
often than cold agglutinins. Like the latter,
streptococcus MG agglutinins are associated with
M. pneumoniae infection.

By use of cross-absorption techniques, it was
shown that the specific fluorescent-stainable
antibody was distinct from cold agglutinins and
streptococcus MG agglutinins (161, 162). The
question of a relationship of M. pneumoniae to
the L form of streptococcus MG has been raised;
however, there is no evidence to support this
claim. A careful serological comparison indicated
that M. pneumoniae did not share antigens with
the L form of streptococcus MG (169).
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During 1941-1945, M. pneumonias was asso-
ciated with 629, of atypical pneumonia illnesses
studied (77a). In a recent study, M. pneumoniae
was recovered from 209, of 215 patients of all
ages in the Seattle area during 1962-1963 (111).
In addition, the organism was implicated in 10
to 169, of pneumonia illnesses which were
investigated in Great Britain and Finland (109,
132).

Military recruit training appears to offer one
type of environment which favors dissemination
of M. pneumoniae infection (41). Probably
important in this regard are prolonged close
personal contact and a large population of
susceptibles into which new susceptibles are
regularly introduced. These conditions also
characterize prison populations, and it is in-
teresting to note that 879, of federal prisoners

TaBLE 9. Cold agglutinins and Mycoplasma pneumoniae illness

Per cent positive

Location Time Diagnosis No. tested fon;n ‘}zln.i ‘;pg‘ew Pi‘;f;’:‘gx’gi‘{;{“ Reference
U.S.A. 1947-59 Pneumonia 95 86 45 56
Cleveland 194749 Pneumonia 112 72 72 52
Boston 1952-55 Pneumonia 38 92 NTe 162
S. Carolina 1959-61 Pneumonia 290 85 47 41

1959-61 URI¢ 31 NT 33
Holland 1962-63 URI 26 NT 12 272
Seattle 1962-63 Pneumonia 94 76 (73)¢ 52 (76)¢ 111

s Percentage of patients with a rise in cold agglutinins who developed specific antibody for M. pneu-

moniae.

b Percentage of patients with M. pneumontae infection who developed a rise in cold agglutinins.

¢ Not tested.
4 Upper Respiratory Infection.

¢ Includes also individuals with high unchanging levels of cold agglutinins.

Importance in disease. At present, the overall
importance of M. pneumoniae in human respira-
tory disease can only be estimated in a pre-
liminary fashion (Table 10). The agent was
associated with 8 to 409, of the pneumonias which
occurred in three naval and marine recruit
populations (41, 43, 99a). Other evidence suggests
that the organism may be important in other mili-
tary populations; thus, serological evidence of
infection was found in 269, of 69 cold agglutinin
negative pneumonia illnesses which occurred
among soldiers and dependents at various army
camps over a 12-year period (56). The findings
from the University of Wisconsin study suggest
that college populations may also offer special
conditions which favor dissemination of M.
pneumoniae. In this 8-year study, 229, of students
with pneumonia developed antibody for the
organism (91).

In the general civilian population, the agent
appears to be an important cause of pneumonia.

were found to have fluorescent-stainable anti-
body (58).

In the general population, M. pneumoniae
appears to spread quite slowly from person to
person. Fluorescent antibody is usually not
detectable during infancy. Thereafter, acquisition
of this antibody occurs at a slow rate with
increasing age (56). The highest proportion of
seropositive individuals is found in the third
decade.

M. pneumoniae does not produce sharp
epidemics as the influenza and respiratory
syncytial viruses do. Instead, infection occurs
throughout the year, generally with peak activity
during the fall and early winter. This pattern is
characteristic of both civilian and military
infections (5, 41, 43, 99q, 111, 132).

M. pneumoniae can cause pneumonia in persons
of any age; however, the majority of such ill-
nesses occur during late childhood and during
the second and third decades (111, 132). This
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TaBLE 10. Importance of Mycoplasma pneumoniae in severe respiratory illness in different locations

Age Respiratory disease Location Time telg&d f)(e);i‘t:f\lllet Reenfcee"

Adults Atypical pneumonia | U.S.A. 194145 84 62s | 77e
Adult Pneumonia U.S.A. 1947-59 97 37b 56
Adolescents Pneumonia Massachusetts 1952-56 68¢ 79 (162
Infants and chil- Lower tract District of Columbia 1957-59 | 152 10® 35

dren
College students Lower tract Wisconsin 1953-60 | 119 22 | 91
Naval or marine Pneumonia S. Carolina 1959-63 |1,095 404 | 41

recruits N. Carolina 1959-62 | 163 20¢ | 43,99a

Illinois 1959-61 | 294 8 |43

All ages Lower tract Great Britain 1962 112 10 {109
All ages Pneumonia Finland 1962-63 | 246 16 (132
All ages Pneumonia Washington 1962-63 | 215 20/ (111

« Diagnosis established by neutralization test in rodents.
» Diagnosis established by fluorescent-antibody technique.

¢ Mostly cold agglutinin-positive.

4 Diagnosis established by fluorescent-antibody and complement-fixation techniques.
¢ Diagnosis established by complement-fixation technique.
s Diagnosis established by recovery of the organism.

characteristic pattern has been observed in a
number of different localities (Table 11).

One of the most interesting aspects of the
ecology of M. pneumoniae concerns the wide
fluctuations in prevalence which can occur in a
given locality or population (Table 12). Over the
past 20 years, a number of physicians have
commented upon the cyclic occurrence of cold
agglutinin pneumonia. Recently, with the aid of
specific serological techniques, it has been possible
to document wide fluctuations in the importance
of M. pneumoniae in lower respiratory-tract
infections in two separate localities. During the
years 1957-1959, 109, of pediatric lower respira-
tory-tract illness in Washington, D.C., was
associated with M. pneumoniae infection,
whereas during 1962-1963 only 19, of patients
with such illness developed antibody for the
organism (34, 35). Similarly, in 1959, 67% of
marine recruits with atypical pneumonia at
Parris Island, S.C., had serological evidence of
infection, and during subsequent years the
proportion of M. pneumoniae pneumonias has
decreased, until in 1963 only 79, of patients were
serologically positive (34, 41, 43). This marked
change in importance of M. pneumoniae infection
at Parris Island could not be correlated with
any recognizable change in population size,
method of recruit training, or physical environ-
ment.

The presence of high-titer complement-fixing
antibody to M. pneumoniae has been reported in
cases of Stevens-Johnson syndrome (163). Since
paired sera were not tested nor were attempts
made to isolate M. pneumoniae, any relationship
is unclear at this time.

Inhibitors of M. pneumoniae. M. pneumoniae

TaBLE 11. Importance of Mycoplasma pneumoniae
in pneumonia by age®

Infection detected by

Complement fixation Recovery of the

organism
%) Washingt Helsinki
years ashington, elsinki, d
D.C.%’ Finland®¢ Seattle, Wash.'
No. Percent No. Percent No. Percent
tested positive tested positive tested positive
04 355 1 56 4 37 3

59 — 42 29 23 13
10-29 28 14 72 27 76 40
3049 129 2 35 9 47 13

50+ 92 7 52 8 23 9

@ Studies were performed during 1962-1963.
b References 34 and 184.

¢ Reference 132.

4 Reference 111.

TaBLE 12. Fluctualion in vmportance of Myco-
plasma pneumoniae infection in lower
respiratory-tract illness

Infants and children,*

X Marine recruits, t
Washington, D.C.

Parris Island, S.C.

Time
No. tested II; :sl}t‘:isr:tt No. tested [foesritciszg

1957-59 152 10

1959 382 67

1960 314 35

1961 113 45

1962 142 12

1963 123 7
1962-63 355 1

* Pneumonia, bronchiolitis, and bronchitis.

t Pneumonia.

1 Fourfold or greater rise in fluorescent or com-
plement-fixing antibody.
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is inhibited by tetracycline and related com-
pounds in vitro, in ovo, and in vivo (49, 74, 141).
The organism can also be inhibited by strepto-
myecin and an organic gold salt (76, 108). Thallium
acetate and penicillin do not inhibit M. pneu-
moniae, and these compounds can be incorporated
in agar or broth medium for recovery of the
organism to inhibit bacterial contamination (38,
42, 116, 119).

Treatment. The efficacy of tetracycline drugs
in the therapy of atypical pneumonia has been a
controversial subject during the past decade (92).
A beneficial effect was observed in studies which
included a variable proportion of cold agglutinin
positive cases (173). Other workers, however,
failed to observe a therapeutic effect (92). It
seems probable that the variable results of
tetracycline treatment can be ascribed to differ-
ences in the proportion of patients infected with
M. prneumoniae in the various studies (92, 141).
In a recent investigation, this difficulty was
resolved by evaluating the effect of treatment in
a group of 109 serologically diagnosed M.
pneumontae pneumonia illnesses (141). Patients
with pneumonia were randomized, and approxi-
mately equal groups received either 0.9 g of
demethylchlortetracycline or a placebo. Ad-
ninistration of the drug for 6 days significantly
reduced the duration of fever, cough, rales, and
malaise. In addition, treatment markedly
accelerated the clearing of pulmonary infiltration.
These findings are compatible with the known
inhibitory effect of tetracycline derivatives on
M. pneumoniae and mycoplasmas in general
(49, 74, 119, 141, 190).

Respiratory Disease Caused by M. hominis
Type 1

Strains of M. hominis type 1 have been
recovered from the oropharynx of patients with
pneumonia (185). The significance of these
observations is not completely clear, because
similar strains have also been isolated from
healthy individuals, although less frequently than
from respiratory disease patients (185). Oral
isolates of M. hominis type 1 grow equally well
aerobically and anaerobically. The biological
properties of such strains are identical to those
of the prototype strain originally recovered from
the genital tract. Antigenically, the recent
oral isolates closely resemble the prototype strain;
however, the latter is deficient in one antigen
which is prominent in the former strains (266).

Volunteer studies were performed to determine
the pathogenic potential of the oral isolates.
Unexpectedly, a proportion of the first group of
experimentally infected individuals developed
exudative pharyngitis and tonsillitis (185). These

MYCOPLASMA SPECIES OF MAN

207

findings were extended in a subsequent study in
which volunteers without detectable IHA anti-
body and individuals with low or high levels of
antibody were inoculated intranasally with the
organism. Again, a proportion of the volunteers
developed exudative pharyngitis and tonsillitis.
These changes were observed most frequently in
the antibody-free group and least often in the
high antibody group (185). This inverse relation-
ship was statistically significant and indicated
that the M. homints type 1 oral isolate was
responsible for the observed pharyngeal changes.
The role and importance of M. homints type 1
strains in naturally occurring exudative pharyn-
gitis and tonsillitis remains to be determined.

Genitourinary Tract Disease

At present, the role of organisms of the genus
Mycoplasma in genitourinary-tract disease re-
mains equivocal. A number of findings suggest
that these organisms may play a role in certain
genitourinary-tract illnesses (15, 114, 115, 175,
228). However, equally compelling evidence from
other studies indicates that mycoplasmas act as
commensals in the genitourinary tract (96, 99,
101, 191).

In early studies, mycoplasma strains which
produce large colonies were recovered from a
number of patients with genitourinary-tract
disease—urethritis, cervicitis, or vaginitis. Subse-
quently, these organisms were also recovered
from individuals free from genitourinary-tract
symptoms, but less often, as a rule, than from
patients with disease (Tables 3 and 4; 15, 114,
115, 175, 228). In later investigations, there has
been disagreement as regards the rate of myco-
plasma infection among genitourinary disease
patients and comparable healthy individuals.
Indeed, several recent studies indicate that the
rates for strains which produce large colonies may
be similar (96, 99, 101, 191).

One difficulty in evaluating the conflicting
results presented by different workers concerns
the comparability of healthy control individuals
to patients with genitourinary-tract disease.
Matching the two groups for age, sex, location,
and socioeconomic status is not enough, because
the incidence of mycoplasma infection appears to
be directly related to the extent of sexual promis-
cuity (234). It is not clear from several of the
published reports whether or not this factor was
carefully evaluated in selecting the control group.

In the female, an additional difficulty exists
regarding interpretation of mycoplasma infection
of the genital tract. The growth of mycoplasmas
in the vagina is favored with the pH shifts from
the normal acid range to alkaline (11, 101). Such
an alkaline shift in pH occurs during infection by
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a number of genitourinary-tract pathogens. This
effect results from a replacement of the normal
bacterial flora, which includes Déderlein’s
bacilli, by pathogenic organisms (101). A high
proportion (59 to 929,) of females with syphilis,
gonorrhea, or trichomonas vaginitis also have
mycoplasma organisms in their vaginas (115, 126,
191). Although a mycoplasma may be the only
organism recovered from a patient with geni-
tourinary-tract disease, the possibility cannot be
excluded that another pathogenic organism is
responsible for the disease process while inciden-
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disease, it is essential that all isolates from each
investigation be characterized antigenically.

A relationship of T strains to urethritis of
males was suggested by the results of a recent
study (Table 3; 96, 99). Organisms of this group
were recovered twice as often from patients as
from controls. In addition, the isolation rate from
patients was 799%. However, the reservations
expressed concerning the role of “large-colony”
organisms in urethritis also apply to the T strains.
It should be emphasized that the T strains are
grouped together because of a common biological

TaBLE 13. Complement-fizing antibody for Mycoplasma hominis type 1 in persons with and without genital-
tract diseases

Location Diagnosis

Great Britain Venereal diseaset
No venereal disease

No venereal disease

Salpingitis
No venereal disease

Great Britain

Gonococcal salpingo-oophori-
tis

Nongonococcal salpingo-
oophoritis

Other pelvic inflammatory
disease

No inflammatory pelvic dis-
ease

Sweden

Active Reiter’s syndrome
Inactive Reiter’s syndrome

Great Britain

Male Female
Age - Refer-
B No. Percent No. Percent ence
tested positive* tested positive*

Adult 284 19 416 44 30
Adult 299 2 336 8
Children 72 3 32 0
Adult — 51 55 157
Adult e 109 4
Adult — 6 33 174
Adult — 21 33t
Adult — 26 11
Adult — 52 6
Adult 31 51 — 194
Adult 23 9 —

* Complement fixation at 1:8 to 1:16 serum dilution.

t Urethritis, cervicitis, vaginitis, gonorrhea, syphilis, yaws, or trichomonas vaginalis; approximately
one-third of the patients had urethritis, cervicitis, or vaginitis. The proportion of the latter patients
with antibody did not differ from that of the group as a whole.

t Five of seven positive individuals had complement-fixation antibody titer 1:32 to 1:256; positive
individuals in other groups of this study did not exceed 1:16.

tally providing conditions which favor myco-
plasma growth.

Most mycoplasma strains recovered from
patients with genitourinary-tract disease have
not been identified serologically. Most of the
strains which have been identified have been M.
homanis type 1 (146, 191). It is probable that the
untyped strains from the studies listed in Tables
3 and 4 are also of this serotype, except where
biological properties indicate otherwise, i.e., the
T strains. In future studies, it is possible that
new variations in culture technique may lead to
the recovery of heretofore unknown strains. If
such hypothetical strains are to be recognized as
new serotypes and evaluated for their role in

property, i.e., small colony size. The number
of antigenically distinet species within the group
is not known. Until this has been determined, it
may be difficult to define the natural history and
potential pathogenicity of these organisms.

Four different serological studies with M.
hominis type 1 complement-fixing antigen have
provided evidence that this species may, under
certain circumstances, be associated with geni-
tourinary-tract disease (30, 157, 174, 194).
Complement-fixing antibodies were found signifi-
cantly more often and in higher titer in patients
with genital-tract disease than in healthy controls
(Table 13; 30, 157, 174, 194). This difference was
observed for patients with salpingitis as well as
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those with less severe forms of genital-tract
inflammation (174). However, patients with
gonorrhea, syphilis, or trichomonas infection also
had a higher frequency of positive findings for M.
homints type 1 than did healthy controls (174).
Extension of the complement-fixing antibody
approach may prove helpful in evaluating the
role of mycoplasmas in disease, since it offers the
possibility of differentiating infections in which
organisms are invasive and those in which they
are predominantly commensal.

In five instances, mycoplasma strains have been
recovered directly from fallopian tube or ovarian
abscesses (110, 211, 260, 261). All but one of
these patients were treated with penicillin or
chlortetracycline. Recovery of a mycoplasma
from treated patients does not preclude the
possibility that another antibiotic-sensitive agent
was responsible for the pyogenic process. How-
ever, a mycoplasma was the only agent recovered
from the one untreated patient (110). In addition,
one of the patients treated with penicillin and
chlortetracycline developed a high level of
complement-fixing antibody for M. hominis type
1 during convalescence (110). M. hominis type 1
has also been recovered on two occasions from
the blood of septic patients (260, 261). These
findings suggest that genital-tract organisms,
ordinarily nonpathogenic, may under special
circumstances produce suppurative lesions.

Arthritis

Mycoplasmas cause arthritis in a number of
avian and animal species (95, 233). Joint changes
occur with varying frequency in sheep and goats
infected with M. agalactiae, cows infected with
M. mycoides, rats infected with M. arthritidis,
and fowl infected with M. gallisepticum. In
addition, M. hyorhinis is thought to cause
arthritis in pigs. These findings have suggested
to many workers the possibility that myco-
plasmas may also cause arthritis in man. The
best-studied of the animal arthritides is that
produced by M. arthrittdis in rats. The joint
lesions are predominantly septic, and for this
reason this condition cannot be considered as
analogous to rheumatoid arthritis (233).

Recovery of mycoplasmas from synovial fluid
has been reported for 10 patients with Reiter’s
syndrome and 7 patients with rheumatic fever or
rheumatoid arthritis (9, 24, 67, 152). However,
most attempts at isolation of mycoplasmas from
joint fluid have been unsuccessful (97, 233). The
strains of mycoplasmas recovered from synovial
fluid have not been characterized antigenically
nor have they been compared with the recognized
human species. This must be done, the possibility
of laboratory contamination must be ruled out,
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and, finally, normal synovial fluid must be studied
before serious consideration can be given to the
role of mycoplasmas in human arthritis (Reiter’s
syndrome, rheumatoid arthritis, ete.).

MrycorLasMA CONTAMINATION OF TISSUE
CULTURES

Contamination of cell cultures by myco-
plasmas was first reported in 1956 (217), although
it was established somewhat earlier that myco-
plasmas could grow in purposely infected tissue
cultures (120, 121). In quick succession, other
reports appeared which confirmed these findings
(31, 33, 53, 57, 122, 123, 207, 220, 221). Interest
in mycoplasma contamination of cell cultures
was soon aroused owing to the almost exponential
increase in numbers of investigators using the
tissue-culture methodology during the decade
1955-1965. As many as 609, of the cultures
examined were found to be contaminated with
mycoplasmas. The major questions posed by
these findings have been related to the source of
the contaminants, detection and prevention of
contamination, and the question of why most are
human species.

The contamination of cell cultures is, generally,
unrecognizable macroscopically or microscopi-
cally. Most cell cultures appear to behave equally
well when contaminated with 107 minimal
reproductive units per milliliter or when sterile.
Thus, the insidious nature of the contamination
has resulted in a serious pitfall for the unwary
investigator using tissue cultures.

The almost universal use in tissue cultures of
penicillin, to which all mycoplasmas are resistant,
and of streptomyecin, to which most mycoplasmas
are resistant, has resulted in a general relaxation
of aseptic technique. More recently, and less
commonly, mycoplasmas producing overt CPE
in cell cultures have been described (16, 26, 32,
106, 107, 112, 150, 208, 224). These strains are
probably unrelated to the known human species,
and their biological importance is currently being
assessed. Their discovery, however, means that
the description of virus activity in vitro, based
solely on a transmissible CPE, is done at great
risk (107, 187). In those cases that have been
studied, mycoplasma contamination of tissue
cultures depletes arginine from the fluid medium
(139, 149, 171, 208, 223, 230, 231). In the absence
of this essential nutrient, cell metabolism is
depressed but can be reversed by supplementa-
tion with arginine. The bizarre behavior of
viruses or other biological materials added to
contaminated cell cultures can often be traced to
this reaction (223). It is likely that those myco-
plasmas causing CPE in vitro operate in this
manner and, unlike cytopathic viruses, do not
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directly cause overt cell destruction (149). The
replication of mycoplasmas appears to occur
extracellularly. Consistent with this view is the
finding that contamination of tissue cultures can
be cured by treatment with antiserum (125, 206).
In certain instances, a heat-labile serum accessory
factor is required in addition to specific antibody.

Source and Species Identification

The majority of tissue-culture contaminants
have been identified as M. hominis type 1 (6, 53,
57, 84, 125). M. orale type 1, first isolated as a
tissue-culture contaminant (116, 119, 141a, 154,
155, 156) and now known to be a common resident
of the human oropharynx (50, 124, 263), has
recently been frequently detected in cell cultures.
M. hominis type 2 was described as a contaminant
on one occasion (6) as was the avian species M.
gallisepticum (84). Although the preponderance of
contaminants are human mycoplasma species, a
number of reports describe the origin of at least
some tissue culture contaminants as L forms. It
has been postulated and, in fact, demonstrated
that the use of penicillin in cell culture media can
give rise to the induction of L forms when media
are contaminated with airborne bacteria (7, 117,
168, 221). That contamination of tissue cultures
may sometimes be due to thereversionof bacterial
contaminants to L forms cannot be denied;
however, the weight of evidence is that most con-
taminants are mycoplasmas and, moreover, are
human species.

There is no published evidence that the
reagents used in tissue-culture media, including
serum and embryo extract, are the usual source
of the contaminants (31, 116, 117, 119, 123, 125,
168, 221). There are also no confirmed reports of
contamination of primary tissue grown in vitro.
Furthermore, since most contaminants are
human species, it would be unreasonable to
expect animal sera or tissues to give rise to these
strains. The findings that primary tissue cultures
are usually free from mycoplasma contamination
and that heteroploid cell lines are frequently
contaminated imply a direct relationship between
the number of subcultivations or manipulations
of a cell culture and the expectation that it will
be found to be contaminated. When cell cultures
have been monitored for mycoplasma con-
tamination from the primary culture and through
many subsequent passages, the frequency of
contamination is correlated directly with the
number of subcultivations (116, 119). Although
it has been suggested that contaminants may
arise from the primary tissue (188), this theoreti-
cal possibility is not universally applicable,

HAYFLICK AND CHANOCK

BactERIOL. REV.

especially since the mycoplasmas found in con-
taminated animal-tissue cultures are almost
always human species.

It is probable that mycoplasma contamination
of tissue cultures can occur via droplet infection
in consequence of faulty aseptic technique (125,
195). Although mycoplasmas have never been
found as ordinary airborne contaminants, it is
probable that faulty aseptic technique within the
confines of a tissue-culture “sterile room’’ could
account for their spread. A recent awareness of
the contamination of cell cultures with cells of
other cultures lends credence to the probability
that gross carelessness when subcultivating cell
cultures may be a leading cause of the spread of
mycoplasma contamination. The initial con-
taminant in the majority of cases probably came
from the oropharynx of cell culturists.

Careless aseptic technique has continued
because workers using penicillin and strepto-
myecin, impressed by the lack of bacterial con-
tamination, have assumed that asepsis was
maintained. Penicillin is completely ineffective
against the mycoplasmas, and streptomycin is
rarely effective. In support of this contention is
the finding that, in those laboratories not using
antibiotics, mycoplasma-contaminated cell cul-
tures are rarely found. Workers in such labora-
tories would be expected to be the most skillful in
utilizing strict aseptic techniques when handling
cell cultures.

Detection of Contamination

Although two enzyme assay methods have been
proposed for the detection of mycoplasmas in cell
cultures (8, 127, 230), these approaches cannot
replace the direct demonstration of the con-
taminant by its growth on agar. The definition
of the genus Mycoplasma presupposes a demon-
stration of characteristic growth on agar, and any
method circumventing this absolute requirement
begs the question. Furthermore, although these
enzyme systems may be present in the myco-
plasmas and absent in mammalian cells, they do
not discriminate between the presence of myco-
plasmas or other microbial contaminants in cell
cultures. Finally, the limit of sensitivity of these
methods is such that only relatively heavy con-
tamination can be detected. The detection of
mycoplasmas by any other method, including
electron microscopy, visualization by staining of
cells, or fluorescent antibody techniques, is by
itself insufficient. Therefore, without the demon-
stration of characteristic growth on agar, the
presence of mycoplasmas in any material cannot
be conclusively established (20, 101, 147).
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Prevention of Contamination

In view of the almost total absence of myco-
plasma contamination in cell cultures carried in
laboratories not using antibiotics, this approach
is probably the most effective. It is likely that the
absence of antibiotics from culture media does
not per se contribute to the absence of myco-
plasmas, but that the greater skill necessary for
maintaining asepsis in antibiotic-free cultures
prevents mycoplasma contamination from the
worker himself or from already contaminated
cultures received from other laboratories.

An alternative to cell cultivation in antibiotic-
free medium is cultivation in thz presence of
antibiotics known to be effective against the
mycoplasmas. These include kanamycin (93,
207) and the tetracyclines (31, 118, 119, 123).
Although kanamycin-resistant mycoplasmas have
been found (116, 119), fewer strains resistant to
chlortetracycline (Aureomycin, Lederle Labora-
tories, Pearl River, N.Y.; 116, 118, 119) have
been encountered. In addition to their effective-
ness prophylactically, kanamyecin and chlortetra-
cycline have been successfully used to cure con-
taminated cell cultures (93, 116, 119, 207).
Alternatively, some mycoplasma contaminants
can be eliminated by exposure to high tem-
peratures, which differentially kills the con-
taminant while sparing the cells (117). Successful
decontamination of cell cultures has also been
achieved by incorporating specific antisera into
the culture medium (125, 206).

SUMMATION

At present, six distinct species of mycoplasmas
are known to infect man. Certain biological and
ecological properties of these agents have been
defined. One species, M. pneumoniae, has been
definitely shown to be an important respiratory-
tract pathogen, and another species, M. hominis
type 1, may play a role in respiratory-tract and
genital-tract disease.

Certainly, much remains to be learned con-
cerning the fundamental biology as well as the
ecological properties of the known human
mycoplasma species. It is probable that additional
species from humans will be recognized as
epidemiological studies of mycoplasma infections
are extended and as modifications of existing
nutrient media are evaluated in such studies.

Questions of potential pathogenicity of the
mycoplasmas may also involve their behavior in
concert with viruses or bacteria. Such a relation-
ship may be important in nongonococcal ure-
thritis whose etiology is still obscure. The possible
loss of pathogenicity upon passage on culture
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media may further complicate attempts to
determine etiology. Indeed, the laboratory strain
of the Eaton agent from which M. pneumoniae
was first isolated proved, upon agar passage, to
be relatively avirulent.

With the availability of a medium upon which
M. pneumoniae can be isolated and with the
existence of simple differential tests, the detection
of this species is possible in most diagnostic
laboratories. Rapid detection of M. pneumoniae
infection should be of obvious value in the
diagnosis and therapy of the group of atypical
pneumonias in man. A search for other myco-
plasma species involved in that segment of human
respiratory disease for which no etiological agent
has been found is an important area for explora-
tion.

In view of the number of properties shared by
viruses and mycoplasmas, the identification of
any new virus isolate, especially in tissue cultures,
should always include tests for mycoplasmas.

Currently, the attention of a number of
molecular biologists is being directed toward the
mycoplasmas. As the smallest free-living micro-
organisms, mycoplasmas have raised questions
relevant to the smallest dimensions compatible
with a freeliving existence. Is the complete
range of biochemical activities found in larger
microorganisms also present in the mycoplasmas?
If not, how are the fundamental life processes
performed? Finally, do the mycoplasmas repre-
sent the lowest possible size limit compatible with
life as an independent organism?

In view of the relative ease and frequency with
which mycoplasmas can be isolated from various
sources in nature, it is essential that quicker and
more sensitive methods be found by which
species and strains can be identified. Frequently,
isolation of mycoplasmas has been reported
without any attempt to subcultivate the original
growth, much less to identify the isolate with
known species. It is often found that strains of
mycoplasmas can be easily isolated but are very
difficult to subcultivate. A broad area of research
also exists on studies of the antigenic relation-
ships of all of the mycoplasmas.

Knowledge of the mycoplasmas should increase
at an exponential rate during the next few years,
as microbiologists become more aware of these
microorganisms which are as small as most
viruses and are frequently pathogenic, yet can
be cultivated on agar medium.
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