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Homologous pairs of virulent and attenuated or avirulent Mycoplasma pneumoniae
strains were derived and compared in an effort to elucidate the mechanisms of
virulence. These related strains were found to vary in growth, glycolysis, protein
electrophoretic patterns, peroxide formation, morphology, and cytadsorption. Varia-
tions in the last two characteristics closely correlated with avirulence. This enables
understanding of one stage in the pathogenic sequence and provides a convenient
marker for avirulence. The derivation of infectious avirulent strains may make
possible their use as live vaccines against M. pneumoniae disease.

Mycoplasma pneumoniae is an important cause
of human lower respiratory infection, but little is
known of the mechanism by which it produces
disease. Until recently, organism characteristics
such as cytadsorption (20) and peroxide forma-
tion (21), thought to mediate pathogenicity by
direct damage to adsorbing tracheal epithelium,
have been studied in M. pneumoniae strains of
undefined virulence. The present investigation was
initiated to examine several characteristics of
strains whose virulence had been determined first
by controlled in vivo studies. In experiments re-
ported previously (14), it proved possible to
derive two pairs of homologous virulent and
attenuated strains from two parent strains of M.
pneumoniae by repeated passage in artificial media
or in a susceptible host. Pathogenicity of the
strains was defined and quantitated in the hamster
model. The study further described variations in
peroxide formation and adsorption to erythro-
cytes; cytadsorption appeared to be required for
virulence. These differences suggested that other
characteristics might vary among the strains and
perhaps be related to pathogenicity.
The present report extends and supplements the

previous work. A variety of techniques was
utilized to study morphology, growth, selected
metabolic properties, protein electrophoresis, and
antigenic cross-reactions. Also described is a new
avirulent strain produced by growth in a semide-
fined medium.

MATERIALS AND METHODS
Media. Cultivation utilized Hayflick's medium (2)

containing 70% PPLO Broth or Agar (Difco), 20%
unheated horse serum, and 20% aqueous yeast

extract (Robbin Laboratories). In an attempt to
avoid stimulation of antibodies to the growth medium,
antigens for the production of antisera in rabbits
were grown in 67.5% Medium 199, 20% pooled
rabbit serum heated at 56 C for 30 min, 10% diffusate
of pressure-dialyzed yeast extract, and 2.5% (v/v)
of a 7.5% sodium bicarbonate solution (Abbott;
10). The growth medium referred to as "semi-defined"
consisted of 94.5% Medium 199, 2.5% (v/v) sodium
bicarbonate solution, 2% PPLO Serum Fraction
(Difco), and 1% diffusate of dialyzed yeast extract.
All media contained penicillin G (1,000 units/ml),
and liquid media contained 1% glucose and 0.004%
phenol red indicator. Cultures in media containing
Medium 199 were maintained in a 5% CO2 atmosphere
to stabilize their initial pH of 7.2.

Organisms. Homologous virulent and attenuated
pairs based on pathogenicity testing in hamsters
were derived from parent strains of M. pneumoniae
as described previously (14). Strain Mac-H106, fully
virulent, resulted from eight successive passages in
hamsters and four broth passages of the attenuated
parent strain, Mac-K (Table 1). A second parent
strain, M129-B6, was virulent; it gave rise to the
avirulent strain, M129-B169, the 169th broth passage.
Another M129-B6 derivative, not described pre-
viously, was the result of eight passages in semi-
defined medium; this strain, M129-M8, infected all
hamsters inoculated intranasally but produced no
histological pneumonia, and thus was avirulent. The
identity of all strains as M. pneumoniae was proven
by inhibition of growth on agar by specific antiserum
discs (5). A single pool of each organism, stored in
portions at -65 C, was utilized for all experiments.

Electron microscopy. Samples from single broth
cultures during late log phase and late stationary
growth phase were concentrated 10-fold after washing
in 0.85% NaCl with 0.02 M phosphate buffer at pH
7.2 (PBS). Droplets of the suspension were placed on
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agar squares, fixed in 40% Formalin vapor at 4 C,
and shadowed as described by Kim et al. (13).

Growth curves. Growth in stationary broth cultures
at 37 C was measured daily by inoculating serial 10-
fold dilutions onto PPLO agar plates (13). The
colony-forming units (CFU) were counted on the
10th day.

Polyacrylamide gel electrophoresis. A modification
of the techniques of Razin and Rottem (17) and
Takayama et al. (24) was employed. The gel, con-
taining 7.5% acrylamide, 5 M urea, and 35% acetic
acid was prepared by combining three solutions.
Solution A contained acrylamide (Eastman Chemical
Products, Inc., Kingsport, Tenn.), 10 g; urea (Baker),
20 g; N,N'-methylenebisacrylamide (Eastman), 0.27
g; glacial acetic acid, 47 ml; and glass-distilled water
(GDW) to make a total volume of 100 ml. Solution
B contained urea, 60 g; N,N,N',N'-tetramethyl-
ethylenediamine (Eastman), 2 ml; and GDW to
make 100 ml. Solution C, prepared fresh, contained
1.5 g of ammonium persulfate (Fisher Scientific
Co., Pittsburgh, Pa.), and GDW to make 10 ml. To
form the gel, 3 volumes of solution A, 1 volume of
solution B, and 0.1 volume of solution C were com-
bined in that order and mixed gently; 3 ml was added
to glass columns (100 by 8 mm) sealed at the lower
end with plastic sheeting. The solution was overlaid
with 0.5 ml of 75% acetic acid and underwent polym-
erization in darkness at 37 C for 1 hr. Specimens of
each strain grown in broth were processed as de-
scribed by Razin and Rottem (17). Prior to treatment
with phenol-acetic acid, all strains were adjusted to
equivalent concentrations of protein (15). After
polymerization, gel columns were overlaid with a
mixture of 0.1 ml of 40% sucrose in 35% acetic acid
and 0.2 ml of specimen, which contained approxi-
mately 0.2 mg of protein. Successive overlays of 0.5
ml of 75% and 10% acetic acid were then placed.
Electrophoresis proceeded for 1 hr at 2 ma per column
to reduce convection mixing and then for 3 hr at
S ma per column. After overnight staining with 1%
amido black, the columns were destained electrolyt-
ically in oversized glass tubes plugged with gel.

Antisera. Cultures of each strain grown in rabbit
serum medium were harvested by centrifugation for
1 hr at 15,000 X g when the pH had fallen to 6.8.
M129-M8 was harvested when its semidefined medium
became turbid. The antigens were washed once,
resuspended in PBS to a protein content of 0.5 mg/ml,
and stored at -65 C until used. Albino male rabbits
were immunized intravenously every other day with
0.5 ml of antigen for a total of five doses. Two days
after the final injection, a mixture of 0.5 ml of antigen
and 0.5 ml of Freund's Complete Adjuvant (Difco)
was administered intramuscularly. Serum was ob-
tained prior to the injections and at 14, 28, and 56
days after the first injection. All sera were heated for
30 min at 56 C prior to use.

Serological studies. The complement fixation (CF)
test, by the method of Sever (18), was performed by
microtitration. Antigen was prepared by the method
of Kenny and Grayston (12). Two units of antigen,
standardized against homologous antiserum in a
checkerboard titration, were reacted with twofold

dilutions of homologous and heterologous antisera
and 2 units of complement with overnight fixation at
4 C.

The metabolic inhibition (MI) test was performed
by microtitration by the technique of Fernald et al.
(10).
Double immunodiffusion (ID) was performed with

lucite templates (Matrix for micro immunodiffusion
no. 17400-9300, Mann) set upon a 1 mm-thick layer
of 1% Special Noble Agar (Difco) and 0.05% sodium
azide in PBS on glass microscope slides (25 by 75 by
1.2 mm). Antigens were prepared by concentrating
500-fold in PBS thrice-washed broth cultures of each
strain. The concentrates underwent 20 freeze-thaw
cycles, and their protein content was adjusted to
approximately 70 mg/ml. Adjacent template wells
were filled with serum and antigens, and double dif-
fusion proceeded for 5 days at room temperature in a
humidified atmosphere. After removal of the tem-
plates, the slides were washed, dried, stained in 1%
amido black, and rinsed as described in the LKB
6800A instruction manual.

Peroxide formation. Peroxide formation by M129-
M8 was evaluated qualitatively by its ability to
produce hemolysis. Colonies grown on PPLO agar
for 10 days were overlaid with 3% sheep erythrocytes
and 1% Bacto-agar (Difco) in PBS and observed
every 12 hr for hemolysis (4).

Cytadsorption. The cytadsorptive ability of M129-
M8 was measured by the technique of Sobeslavsky
et al. (20). Colonies grown on PPLO agar for 6 days
were overlaid with 0.2% chicken erythrocytes in
0.85% NaCl and observed for residual hemadsorption
after incubation and washing.

RESULTS
A summary of the derivation and pathogenicity

of the strain pairs is presented in Table 1. Two
strains, M129-B169 and M129-M8, produced no
pneumonia and thus were avirulent; strain Mac-K
was attenuated, producing pneumonia in four of
nine hamsters. Strains M129-B6 and Mac-H106
were fully virulent. A variety of techniques was
used to compare the parent strains with their
respective derivatives.

Morphology. By light microscopy the colony
morphology of all strains grown on PPLO agar
was identical. However, two distinct morphologi-
cal patterns in broth could be discerned. All
strains formed smooth, refractile spherular
clusters up to 400 ,um in diameter (Figure IA)
except M129-B169 and M129-M8. Clusters of
these two avirulent strains were smaller, amor-
phous, granular, and nonrefractile, as in Fig. lB.
By electron microscopy, all strains progressed
similarly through two morphological states, ap-
parently correlated with growth phase. During the
log phase all strains (except M129-M8, which
yielded no satisfactory preparations) formed only
spheres; these occurred singly or in clumps and
ranged in size from 200 to 700 nm (Fig. 2A).
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TABLE 1. Derivation, infectivity, and pathogenicity of M. pneumoniae strains

Infection (hamsters) Pneumonia (hamsters)
Strain Passage historya

Positive/no. Mean CFUb Positive/no. Mean
inoculated inoculated severityc

MAC
K (parent) E78, A21, B123 9/9 5.78 4/9 1.0
H106 (derivative) E78, A21, B123, H8, B4 12/12 5.81 12/12 2.3

M129
B6 (parent) B6 6/6 5.38 6/6 2.3
B169 (derivative) B169 9/9 5.51 0/9
M8 (derivative) B6, M8 15/15 5.59 0/15

E, chick embryo; A, agar; B, broth; H, hamster; M, semidefined medium.
Expressed as mean CFU per gram of lung (log1o).
Histopathological extensiveness in pneumonia-positive animals on a scale of 1 to 4.

~ ~

4.f~l

' '

'A...~~~~~~~

V~~~~~~~~~~~~~~~~~~~~~~~~~~~A
~ ~ ',' ,z.', ,_1''. "_.Lh

FIG. 1. Representative morphology ofM. pneumoniae strains grown in broth. (A) Spherular colonies formed by
attenuated strain Mac-K and virulent strains Mac-H106 and M129-B6. (B) Granular amorphous colonies formed
by avirulent strains M129-B169 and M129-M8. Bar 400 ,.m.

FIG. 2. Representative electron photomicrographs showing typical morphology of virulent and avirulent strains
at two phases ofgrowth. (A) Spherical form ofall strains during late log phase. (B) Filamentous forms ofall strains
during stationary phase. Bar I ,um.
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Their surface detail was very indistinct, as if ob-
scured with amorphous material. During sta-
tionary phase, the spheres became flattened and
more distinct, extruding multiple filaments and
buds, as in Fig. 2B. Thus, distinctive strain-related
differences were seen only by light microscopy of
broth cultures.

Growth. All strains were studied by comparison
of growth curve and generation time (GT).
Three strains (Mac-K, Mac-H106, and M129-B6
had virtually identical growth curves (Fig. 3),
with a GT of approximately 10 hr. The GT of the
two avirulent M129 strains differed markedly
from the virulent parent; with M129-B169 it was
shortened (4.6 hr), and with M129-M8 it was
prolonged (16.5 hr). The higher numbers of CFU
of M129-B169 presumably were related to greater
dispersion of reproductive units, since its maxi-
mum protein yield was almost identical to that of
M129-B6. In contrast, a medium possibly defi-
cient in nutrients may have retarded the growth of
M129-M8, whose protein mass per unit of me-
dium was only one-third that of the other strains.
Strain variations, as demonstrated by these differ-
ences in growth, were unrelated to virulence.

Glycolysis and peroxide formation. The ability
of the virulent, attenuated, and avirulent strains
to ferment glucose in broth, with a resultant fall
in pH, was studied qualitatively. All strains fer-
mented glucose except M129-M8, which in its
semidefined medium produced no acidity during
any stage of growth. The lack of glycolysis with
M129-M8 might have resulted from impaired
metabolism in a nutritionally deficient medium;
however, the variation persisted for five subse-
quent passages in Hayflick's broth, suggesting an
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actual alteration in the organism. Peroxide forma-
tion was studied by a simple quantitative method
reported in detail elsewhere (14). It was found
that, although there are definite quantitative
differences in peroxide formation between strains,
homologous attenuated and virulent pairs pro-
duce equal amounts of peroxide. This observation
was extended by the finding that M129-M8, an
avirulent strain, produced amounts of peroxide
equivalent to those of its virulent parent.

Cytadsorption. Extension of previous work
comparing the cytadsorbing ability of M. pneu-
moniae strains (14) was conducted utilizing M129-
M8. Erythrocytes did not adsorb to colonies of
this strain, as was the case with the other avirulent
strain, M129-B169. Thus, in two strains a loss of
hemadsorption was associated with a total loss of
virulence, suggesting that cytadsorption is a
requisite for virulence. Nevertheless, other viru-
lence factors must also be necessary since strain
Mac-K cytadsorbs and yet is attenuated.

Polyacrylamide gel electrophoresis. Twenty-five
identical bands were obtained for all strains ex-
cept M129-M8 which had nine (Fig. 4). The bands
of M129-M8 (Fig. 4E) corresponded to bands
formed by the other strains, but some were re-
duced in protein content, as judged by their
staining intensity. Thus, no differences in electro-
phoretic patterns between the strains could be
associated with variations in virulence. Attempts
at identifying bands containing antigens by im-
mersing washed gel columns in antisera were un-
successful, as was an attempt to locate lipoprotein
by staining with Sudan Black B, suggesting denat-
uration of the proteins by the phenol-acetic
acid treatment.

MAC STRAINS

,,GT 10.8
/ b GT 8.5

A- --a MAC-H 106 (VIRULENT)

E)_3 MAC-K (ATTENUATED)

FIG. 3. Growth curves and GT ofvirulent and attenuated or avirulent M. pneumoniae strains in broth.
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human convalescent serum obtained 2, 3, and 4
....... weeks after natural infection reacted identically

with antigens from virulent and avirulent strains,
.........E..,_further indicating a lack of antigenic differences

among the strains. Control experiments showed
no reactivity in any of the three serological tech-
niques between preimmune sera and antigens nor
between antisera and growth media.
An additional qualitative immunological

method, growth inhibition of colonies on agar by
antiserum discs, was utilized for strain compari-
son. The mechanism of growth inhibition by this
technique has been shown by Stanbridge and
Hayflick (22) to differ from MI in that heat-labile
serum factors are not required. The growth of all
strains was inhibited to an annroximately eaual

FIG. 4. Protein composition of M. pneumoniae
strains compared by polyacrylamide gel electrophoresis.
(A) Mac-K, (B) Mac-H106, (C) M129-B169, (D)
M129-B6, and (E) M129-M8.

In control preparations, simultaneous electro-
phoresis of Hayflick's broth yielded 16 bands,
only 5 of which occupied the same positions as
bands formed by the M. pneumoniae strains.
These five broth bands originated entirely from
the horse serum component and were also present
with PPLO serum fraction. The fact that the other
11 broth bands, many of which contained large
amounts of protein, were entirely eliminated from
the organism preparations indicated the adequacy
of the washing procedure. These observations also
suggest, however, that M. pneumoniae selectively
incorporates several proteins from the growth
medium. Whether these substances actually repre-
sent structural components characteristic of M.
pneumoniae will not be known until comparative
study is enabled by development of additional
growth media.

Antigenic comparisons. Antigens and antisera
representing homologous virulent and attenuated
strain pairs were studied for cross-reactivity in the
CF, MI, and ID tests. The CF and MI titration
results are presented in Tables 2 and 3. Also
shown is the relatedness between strain pairs as
determined from the formula applied by Archetti
and Horsfall (1), in which a value of 100% indi-
cates complete cross-reactivity. The titers and
relatedness values demonstrate complete antigenic
identity among the strain pairs. Since strain
M129-M8 does not ferment glucose, the MI reac-
tion could not be compared in this instance. The
ID test, in which a single antiserum was allowed
to react simultaneously with four homologous and
heterologous antigens, showed up to eight lines of
apparent identity between all combinations of
antisera and antigens. A representative prepara-
tion is shown in Fig. 5. In additional ID tests,

degree by reference antiserum discs. Thus, by the
four immunological methods employed, no differ-
ences could be discerned between any of the
strains of M. pneumoniae tested, irrespective of
virulence.

DISCUSSION

Comparison of homologous pairs of virulent
and attenuated or avirulent strains of M. pneu-
moniae, derived by repeated passages of parent
strains in artificial media or in a susceptible host,
was intended to yield information about organism
factors associated with virulence. One goal of the
present study was the identification of an easily
tested virulence marker to replace the more com-
plicated technique of pathogenicity testing in
hamsters. Although this need was not fully met,
two markers (loss of both hemadsorption and
aggregated growth in broth) were found to be
associated with a total loss of virulence. These
alterations were highly stable and may represent
mutations.

Variations among M. pneumoniae strains have
been noted by others who found differences in
streptomycin sensitivity (9), histological (8) and
clinical (7) pathogenicity, and growth character-
istics related to temperature sensitivity, growth on
glass, and anaerobiasis (23). A second goal of the
present study was to determine the other varia-
tions that might exist between strains of M. pneu-
moniae and the techniques whereby variations
might best be discerned. Strain variations were
revealed utilizing seven markers: pathogenicity,
morphology in broth, growth curves and GT,
peroxide formation, cytadsorption, glycolysis,
and protein composition. The spectrum of pheno-
typic markers described and cited suggests that
M. pneumoniae strain characteristics may be less
uniform than previously suspected. Additional
techniques, such as further antibiotic sensitivity
testing or screening for the ability to metabolize
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TABLE 2. CF titers and relatedness between virulent and attenuated strain pairs ofM. pneumoniae

Antiserum titers" and degree of relatednessb
Antigen

Mac-K Mac-H106 M129-B6 M129-M8 M129-B169

Mac-K 64 32
100% >100%

Mac-H106 128 32
>100% 100%

M129-B6 128 128 64
100% 100% 100%

M129-M8 128 128 64
100% 100% 100%

M129-B169 64 64 32
100% 100% 100%

Reciprocal of serum-dilution end point (homologous titers in italics).
Complete relatedness = 100%0.

TABLE 3. Metabolic inhibition titers and related-
ness between virulent and attenuated

strain pairs ofM. pneumoniae

Antiserum titers and degree of relatednesa

Antigen
Mac-K Mac- M129- M129- M129-H106 B6 mg B169

Mac-K 256 256
100% 103%

Mac-H106 512 256
100% 100%

M129-B6 512 NDb 16
100%/ 100%

M129-M8 ND ND ND
M129-B169 512 ND 16

100% 100%

See Table 2.
b Not done.

a variety of carbohydrates, might be applied in a

search for still other differences among strains.
Such markers, if they vary in naturally occurring
strains, would be particularly useful in epidemio-
logical studies of M. pneumoniae-induced disease.
Even the biological characteristics now used to
identify M. pneumoniae strains may be found to
vary, which suggests the need for caution when
interpreting the results of single diagnostic tests.
The applicability of methods used in the present

study for analyzing strain differences appears to
vary considerably. For example, polyacrylamide
gel electrophoresis, with the pH and buffer em-
ployed here, proved incapable of differentiating
between strains although Razin and Rottem re-

ported species-related differences among some
mycoplasmas (17). Likewise, the tests of antigenic
specificity, principally CF, MI, and ID, demon-
strated complete cross-reactivity in spite of their
high degree of effectiveness at differentiating be-

tween various mycoplasma species. These proce-
dures and others that determine organism com-
position, for example deoxyribonucleic acid
homology, may not prove fruitful in defining
strain variations. However, techniques measuring
biological activity, such as peroxide formation or
cytadsorption, may prove more useful in strain
differentiation and in furthering the understand-
ing of M. pneumoniae growth, metabolism,
pathogenicity, and epidemiology.

It has been estimated that M. pneumoniae is the
agent responsible for 8 to 39% of pneumonias
occurring in young adults (3). Information about
the mechanism of pathogenicity of this organism
is therefore especially desirable. The present work
suggests that a phase of respiratory epithelial

FiG. 5. Double ID reaction between antiserum and
antigens of virulent, attenuated, and avirulent strains
of M. pneumoniae. (A) M129-B6 antiserum. (B)
Mac-K, (C) Mac-Hi06, (D) M129-B169, and (E)
M129-B6 antigens.
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cytadsorption is probably essential in a sequence
of pathogenic events. However, strain Mac-K,
which cytadsorbs, is not fully virulent, indicating
that other steps, possibly involving a toxin, are
also necessary. Complementary to the need for
understanding the mechanism by which this or-
ganism produces disease is the need for develop-
ment of effective prophylaxis. The inactivated
vaccines which have been tested in human volun-
teers have not produced entirely satisfactory
results (6). Although circulating antibodies could
be induced in 50 to 75% of volunteers, the inci-
dence of pneumonia after natural exposure or
experimental challenge was reduced by only about
45% over that in control groups (16). Further-
more, illnesses more severe than in the control
volunteers occurred in some vaccinated volun-
teers, suggesting vaccine-induced sensitization
(19).
Recent work with the hamster model has shown

that circulating antibodies induced by parenteral
immunization with M. pneumoniae offer little
protection against pneumonia from a challenge
infection, in contrast to the more effective protec-
tion conferred by intranasal inoculation with a
live attenuated strain (11). It appears, then, that
effective immunity might best be produced locally,
stimulated by a live vaccine strain which should
cause no disease when administered intranasally.
The only information about the human response
to experimental infection with an attenuated
strain suggests a reduced infectivity and antibody
response (7). Of the three new attenuated strains
now available, M129-B169 is easily grown in
large quantities and is highly infectious yet aviru-
lent in hamsters. This strain appears to be a
promising vaccine candidate, and studies on its
immunogenicity will be reported subsequently.
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