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The effects of subminimal inhibitory concentrations of penicillin G on Neisseria
meningitidis in the presence and absence of selected stabilizers were examined.
Subminimal inhibitory concentrations of penicillin G decreased cell numbers and
altered both colonial and ultrastructural morphologies of this meningococcus.
Although these levels of penicillin did not have immediate adverse effects on cell
mass increase, deoxyribonucleic acid synthesis, or the incorporation of [3H]leucine
into protein, they did significantly alter the division rate and the integrity of the
cell envelope. The inability of many of the abnormal membranous cell types
produced in subminimal inhibitory concentrations of penicillin to form either
complete or properly oriented division septa and the overproduction of cell wall
material at such sites was indicative of the disruptive effects of this antibiotic on
functions necessary for maintaining the normal division process. The addition of
the stabilizers polyvinylpyrrolidone-40 and horse serum to the test medium
diminished the effects of penicillin G as evidenced by a fourfold increase in the
minimal inhibitory concentration. Moreover, such stabilizers maintained the
association of the outer membrane with the peptidoglycan and inner membrane.

The exact mechanism(s) by which penicillin
compounds exert their bactericidal effect is still
not understood. The fact that ,8-lactam antibi-
otics can invoke a wide spectrum of morpholog-
ical and physiological responses in a variety of
bacteria has made this problem more complex.
Additionally, the action of /8-lactam compounds
is often not an all-or-none phenomenon, i.e., the
antibiotic may also exert effects at concentra-
tions below the miniimal inhibitory concentra-
tion (MIC) of an antibiotic for a particular or-
ganism. Such low concentrations, often referred
to as subminimal inhibitory concentrations (sub-
MIC's), have been known to affect the morphol-
ogy of bacteria since the early report on penicil-
lin by Gardner in 1940 (10). After Gardner's
work, the production of abnormal bacterial mor-
phology by ,B-lactam compounds has been re-
ported for a variety of gram-negative organisms
(6, 9, 13, 15, 18-21) and gram-positive organisms
(6, 17-19). In addition to the phenotypic changes
associated with such low levels of antibiotics,
changes in growth rates and diminution in the
total bacterial population have also been shown
in a number of instances (7, 11-13, 16, 24).
The observed effects at sub-MIC levels indi-

cate that ,B-lactam compounds in general do
exert some degree of detrimental and, in a por-
tion of the microbial population, bactericidal

activities. Whether these detrimental effects re-
flect simply a lesser degree of antibacterial ac-
tion than that which occurs at the MIC or higher
concentrations is not understood.

Earlier, we reported (22) that only certain
events resulting from low concentrations (ap-
proximate MIC) of penicillin G (Pen G) were
directly related to a loss of meningococcal via-
bility. Our present study examines the effects of
sub-MIC's of Pen G on meningococcal growth
and ultrastructure.

MATERLALS AND METHODS

Organism. The smooth colony forms (5) of group
B Neisseria meningitidis SD1C used in these experi-
ments were obtained from the Neisseria Repository,
NAMRU, School of Public Health, University of Cal-
ifornia, Berkeley, and maintained as described else-
where (3).

Cell growth and Pen G treatment. Growth of N.
meningitidis SD1C in the presence and absence of
supplements was as described by Neirinck et al. (22).
Working cultures were incubated for approximately 4
h until they reached an absorbance of approximately
0.6 at 600 nm. At this point, cells were either removed
for use in MIC determinations or treated with Pen G
(Sigma Chemical Co.) after removal of a sample for
analysis (designated as zero time). The Pen G was
prepared as previously described (22), and the final
concentration of Pen G was 0.016 tig/ml (0.5 MIC).
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MIC determinations. The MIC was determined
by the agar plate dilution method of Ericsson and
Sherris (8).

Electron microscopy. Preparations for electron
microscopy were carried out essentially by procedures
described by Neirinck (22). Samples on plates were
prefixed by flooding the plates with 0.5% glutaralde-
hyde in 0.15 M sodium phosphate (pH 7.5) and either
0.15 M sucrose or 7% polyvinylpyrrolidone-40 (PVP).
Sections were examined with a Philips EM300 electron
microscope at 60 kV.

Quantitation of cells. Absorbance (600 nm) and
viable counts were measured by the methods previ-
ously described (4).

Incorporation of radioactivity into DNA and
protein. The syntheses of deoxyribonucleic acid
(DNA) and protein were monitored separately by the
uptake of [3H]thymidine (21.8 mCi/tumol) and [3H]-
leucine (120 mCi/4mol), respectively. Radioisotopes
were purchased from New England Nuclear Corp. At
30 min before the addition of Pen G, either [3H]thy-
midine (1 uCi/ml) or [3H]leucine (5 ,uCi/ml) was added
to the culture. At specified time intervals thereafter,
1.0- and 1.5-ml samples were taken from the
[3H]leucine and [3H]thymidine cultures, respectively.
These were centrifuged at 12,900 x g for 2 min in an
Eppendorf model 3412 centrifuge. Pellets containing
[3H]leucine were suspended in 1.0 ml of cold 5% (wt/
vol) trichloroacetic acid and left overnight at 4°C. For
measurements of [3H]thymidine incorporation into
DNA, cell pellets were first suspended in 0.35 N KOH
at 37°C for 17 h. The DNA from these samples was
then precipitated with cold trichloroacetic acid (5%
final concentration) and collected by filtration on
Whatman GF/A glass microfiber filters. The filters
were washed five times with 1 ml of cold 5% trichloro-
acetic acid, air dried, and placed in counting vials
containing 10 ml of Aquasol (New England Nuclear
Corp.). Radioactivity was measured in a Packard
model 3375 liquid scintillation spectrometer.

Incorporation ofradioactivity into peptidogly-
can. The synthesis of peptidoglycan was measured by
the incorporation of [3H]glucosamine (19 mCi/,umol;
New England Nuclear Corp.) into the fraction insolu-
ble in sodium dodecyl sulfate. At 15 min before the
addition of Pen G, [3H]glucosamine (2 ttCi/ml) was
added to the culture. At specified time intervals there-
after, 1.5-ml samples were removed and processed for
the isolation of peptidoglycan by using a modified
procedure of Hebler and Young (14). Samples were
added directly to tubes containing 8 ml of 4.75% (wt/
vol) sodium dodecyl sulfate (Sigma Chemical Co.) at
100°C and 0.3 ml of unlabeled carrier peptidoglycan
(5 mg/ml) previously isolated as described here. All
samples were incubated for 4 h at 100°C. The sodium
dodecyl sulfate-insoluble peptidoglycan was subse-
quently collected by centrifugation at 100,000 x g for
45 min at 20°C in a Beckman L5-65B ultracentrifuge
with a 60 Ti rotor. After the peptidoglycan was washed
twice with 20 ml of distilled water, the final pellet was
suspended in 1.0 ml of distilled water. Duplicate 0.3-
ml samples of each were placed in counting vials
together with 10 ml of Aquasol, and radioactivity was
determined as described above.

RESULTS

A recent report from this laboratory (22) had
shown that the MIC of Pen G for N. meningiti-
dis SD1C is 30 ng of Pen G per ml. No "inoculum
effect" or production of mutants could be ob-
tained even when the concentration of the in-
oculum was increased from 1 x 106 to 1.5 x 109
colony-forming units. Others (23) have reported
that an increase in the size of the inoculum
during susceptibility testing is sometimes ac-
companied by the appearance of resistant cells
in meningococcal populations.
At sub-MIC's of Pen G, the cells in the popu-

lation in our experiments were not uniformly
affected by this antibiotic. Quantitation of the
surviving cells at sub-MIC's revealed that only
10 to 15% of cells survived at 0.5 MIC (15 ng of
Pen G per ml), whereas 100% of the cells sur-
vived at 0.125 MIC (4.0 ng of Pen G per ml). The
differential susceptibility in the meningococcal
population to the presence of 0.5 MIC of Pen G
was manifested also by a marked change in the
colonial size and morphology produced by sur-
viving cells. Furthermore, the subculture of any
one of the colonies onto plates with the same
medium and Pen G concentration produced a
similar variety of colonial sizes and morpholo-
gies, indicating that genetic mutation to resistant
forms was an unlikely explanation for such vari-
ation. All variant colonies, when subcultured
onto Mueller-Hinton agar without Pen G, read-
ily produced the colonial morphology and size
typical for normal growth in the absence of Pen
G.
The finding that only 10 to 15% of the cells in

the population were able to survive at 0.5 MIC
suggests that such cells have a selective advan-
tage (other than genetic resistance) for survival.
It is possible that certain cells in a population of
genetically identical cells may have expressed
different phenotypes, which could account for
the survival of a small proportion of cells even
though they had been adversely affected by Pen
G. Isolated membranes and aberrant cell forms
were observed in all populations, but there was
always present a small number of apparently
normal cells. The proportion of these normal
cells was dependent upon the concentration of
the Pen G used. In Fig. 1, the spectrum of effects
due to a 0.5 MIC of Pen G during cell growth is
shown. The surviving intact cells exhibited ir-
regular division patterns, variations in size, and
a loss of cell envelope integrity. Moreover, many
of the cells overproduced cell wall material,
which appeared to be peptidoglycan, in the zone
of the newly formed division septum (Fig. 1).
Noteworthy was the apparent cellular division
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FIG. 1. Thin sections of N. meningitidis cells in (A) absence ofPen G (x45,000) and (B) presence ofPen G
(16 ng/ml). The sample in (B) shows abnormnal cellular morphologies and division processes. The arrow
indicates a site of overproduction of cell wall material (X13,300). (C) The division of cell protoplasts in the
absence of outer membrane involvement (x30,000).

of the cell protoplast in the absence of outer
membrane involvement (Fig. 1C), an event also
observed when Pen G was used at concentra-
tions above the 'C (22).

Since cells in, roth cultures displayed the
same dramatic mo -phological changes as those
on solid medium a;, sub-MIC's, the broth me-
dium was used to study selected growth char-
acteristics. The results indicate that although

there was little or no change in absorbance of
the culture (data not shown) until 120 min after
the addition of 0.5 MIC of Pen G, there was an
immediate effect on the rate of cell division (Fig.
2). At this reduced concentration of Pen G, the
viability fell off slowly after approximately one
doubling of the population, until after 4 h only
15 to 20% of the cells were capable of forming
colonies in the absence of Pen G. This low death
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FIG. 2. Viability changes after the addition ofPen
G to a rapidly growing broth culture of N. meningi-
tidis. Symbols: U, without Pen G; A, with Pen G, 2.0
pg/ml; *, with Pen G, 40 ng/ml; 0, with Pen G, 16
ng/ml.

rate indicates that cell death in the population
below the MIC must be of the first order with
respect to the Pen G concentration and is unlike
the rapid logarithmic death in populations in
Pen G at concentrations higher than the MIC,
previously shown to be a zero-order reaction
(22). All data taken together suggest that at the
0.5 MIC of Pen G it is the cell division process
itself which is disrupted. The progressive in-
crease in turbidity of the culture without a si-
multaneous increase in the number of colony-
forming units was the result of the progressive
cellular mass increase. Such cells were incapable
of normal cell division but resisted lysis over the
course of the experiment. The continued growth
until colonies are visible on solid medium may
well involve the same abnormal cell division
process.
We had previously shown (22) that, even in

the presence of Pen G slightly above the MIC,
macromolecular synthesis continued for up to
90 min. Results (data not shown) indicate that
the rates of synthesis of DNA and protein, as

measured by the incorporation of[3H]thymidine
and [3H]leucine, respectively, continued to par-
allel those of the control celLs for at least 180
min after the addition of Pen G. In addition, the
incorporation of [3H]glucosamine into insoluble
peptidoglycan showed that the production ofthe
sodium dodecyl sulfate-insoluble polymer was
not significantly affected for at least the first 60
min after addition ofPen G. Although hydrolysis
of insoluble peptidoglycan was not measured,
the small difference in net incorporation of glu-
cosamine that was observed in the presence of
Pen G may represent a mild stimulation of hy-
drolytic activity rather th anninhibition of
transpeptidation. The results of glucosmine in-
corporation must be interpreted in light of the
heterogeneous changes observed in the cell pop-
ulation in a 0.5 MIC of Pen G.
We had previously shown (22) that the addi-

tion of the stabilizing components PVP and
horse serum to broth cultures with Pen G at
concentrations above the MIC protected men-
ingococci and raised the MIC gnificantly from
30 to 125 ng of Pen G per ml. The PVP plus
horse serum in the inoculum could not account
for the effects observed. When cells were plated
onto a medium containing 30 ng of Pen G per
ml (MIC), a concentration which does not per-
mit cell growth, colonies were formed with the
addition ofthe 40,000-molecular-weight polymer
PVP plus horse serum. Again, cell growth was
characterized by altered colonial sizes and mor-
phologies. In the electron microscope, cells in
thin section exhibited abnormalities related to
cell division, e.g., abnormal planes of division
and relative overproduction of cell wall material
(Fig. 3). However, unlike organisms grown at the
sub-MIC of Pen G without PVP plus horse
serum, the envelope integrity in these cells was
maintained, and there was no indication of aber-
rant membranous cell forms. The numerous
small membranous blebs released from the men-
ingococcal outer membrane have previously
been shown by DeVoe and Gilchrist (4) to be a
normal consequence of cell growth. The results
suggest that the continued presence ofPVP plus
horse serum during exposure to Pen G not only
maintains a higher degree of viability in the
population but acts to eliminate those changes
in the cell envelope nornally associated with the
actions of Pen G.

DISCUSSION
Previous work on the action of 8i-lactam anti-

biotics on bacterial populations indicates that
their action is not all or none (11, 12, 24). Among
the effects of sub-MIC's on bacteria are the
significant morphological modifications and

914 NEIRINCK AND DEVOE



PENICILLIN G AND N. MENINGITIDIS 915

FIG. 3. Thin sections of N. meningitidis growing on solid medium supplemented with PVP and horse
serum. (A) Without Pen G (x38,400); (B) with 30 ng of Pen G per ml (nonpermissive in the absence of
stabilizers) (x19,800).

physiological alterations in the cell division cycle
and a reduction in the number of viable cells in
the population. Our work presented here de-
scribes effects on N. meningitidis exposed to a
sub-MIC of Pen G. At sub-MIC's, there is a
differential susceptibility among the cells in the
population, which is unrelated to inoculum size
or to genetic variation to more resistant cell
types. Such variation may well reflect subtle
phenotypic differences between cells. The al-
tered colonial morphology, variable colony size,
and slow growth rate of the survivors are all
manifestations of an altered cellular growth pro-
cess within the colonies. The presence of Pen G,
even after dilution to 0.125 MIC (4 ng of Pen G
per ml), continued to cause abnormal colonies
despite the fact that there was no loss in viabil-
ity.

Previous reports by Lorian and Atkinson (18,
19) on the action of sub-MIC's of Pen G on
gonococcal ultrastructures show that cells may
increase slightly in size and have increased cross
wall thickness, bit exhibit normal peripheral
cell wall structure ;. Examination by electron
microscopy of the esponse of N. meningitidis
to sub-MIC's of Per. G in broth and solid media
revealed a more severe response than that of
Neisseria gonorrhoeae. Overproduction of cell

wall material in the septal region, appearing as
peptidoglycan, was frequently observed, but it
was not associated with the more severely af-
fected cells. With time, this excess cell wall
material at the septum and the entire peptido-
glycan surrounding the cell was completely lost
with a sub-MIC of Pen G. This suggests that the
sizeable accumulation of peptidoglycan material
at the septum was a temporal event in the final
outcome of Pen G action at these low concentra-
tions. The two most striking ultrastructural
changes with Pen G sub-MIC's were the abnor-
mal orientation in planes of septum formation
and the loss of outer membrane attachment to
the peptidoglycan and inner membrane. These
two events together correlated with the inability
of these cells to divide. The effect of a sub-MIC
of Pen G on growth rates was immediate, yet a
decrease in viability did not start for over 60 min
after the addition of Pen G. Despite the altered
growth rate, other characteristics, i.e., absorb-
ance, protein synthesis, and DNA replication,
suggested that the cells were otherwise normal.
By all criteria tested, most cells were metabol-
ically active but were incapable of continuing
the cell division process for prolonged periods
and, therefore, eventually lost viability with time
in the presence of Pen G. Only the production of
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insoluble peptidoglycan appeared somewhat al-
tered after 60 min in Pen G.
Sub-MIC's of Pen G affected viability, growth

rates, cell envelope integrity, and the ability of
cells to divide normally. In an attempt to sepa-
rate the lethal events from those which could be
considered nonlethal or reversible, the stabiliz-
ing agents PVP and horse serum were added to
the medium with Pen G. These agents have been
employed by others to stabilize meningococcal
L-forms (2). PVP has also been used in suscep-
tibility testing of certain antibiotics since it is
thought to represent more closely an in vivo
environmental condition (1). When N. menm-
gitidis was tested with Pen G and PVP plus
horse serum in the medium, there was an in-
crease in MIC (fourfold), but the atypical colo-
nial morphology and slow growth rate on the
solid medium did not change. These results in-
dicate that PVP and horse serum play a role in
maintaining viability by methods other than
prevention of altered morphology and slow
growth. After a closer examination of cells at
Pen G concentrations that allow growth, PVP
and horse serum were found to prevent the
detachment of outer membrane from peptido-
glycan from PG and inner membrane, i.e., the
stabilizers prevented the production of the aber-
rant membranous forms. Since this is the only
observable difference in the presence of the sta-
bilizers, maintaining correct outer membrane in-
tegrity appears important in preventing cell
death. This correlates well with results from an
earlier report (22) on meningococcal responses
to concentrations equal to or higher than the
MIC of Pen G in the presence and absence of
PVP and horse serum. The mechanism by which
the outer membrane is lost from cells and the
exact implications of such loss in the killing
action of Pen G remain matters for speculation.
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