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Ampicillin killing curve patterns for 20 strains of ampicillin-susceptible nontypeable Haemophilus influenzae
were determined by the agar dilution plate count method. The paradoxical effect was detected in the 24-h killing
curve patterns for each strain. For the biphasic effect, minimum survivor percentages (maximum killing)
occurred over a narrow range of ampicillin concentrations immediately above the MIC, with survivor
percentages then rising rapidly to peak at --loglo-unit increment higher. The 24-h minimum survivor
percentages for the 20 strains ranged from -0.01% (rapid killing) to >10% (slow killing). In comparison with
the previous results for typeable strains, the present findings suggest that nontypeable stains are, on average,
killed much more slowly. Based on the initial 24-h killing curve patterns for the 20 strains, 4 strains were
selected as putative representatives of the range of bactericidal responses encountered. These strains were then
studied to examine the reproducibility of the 24-h patterns and to determine sequential killing curves. These
patterns were found to be reproducible and served to characterize the relative killing responses of the strains.
In the sequential studies of three of the four strains, tiny colonies having the gross and microscopic
characteristics of L-forms were found to be present on the agar dilution plate count plates prior to the
application of penicillinase at 48 and 72 h. Such colonies reverted to vegetative forms within 24 to 48 h after
application of penicillinase to the panels. Of particular interest was the observation that the paradoxical effect
was manifested both by the L-form colonies and by the reverted vegetative colonies. The late development of
L-forms was observed for both rapidly and slowly killed strains.

In a previous study (35) we described ampicillin killing
curve patterns for type b Haemophilus influenzae strains as
determined by the agar dilution plate count (ADPC) method.
Killing curve patterns were found to be strain dependent and
ranged from strains that were killed slowly to others that
were killed rapidly. The paradoxical effect (7) was demon-
strated at some time during the killing sequence for each
strain studied. We present here a similar study of ampicillin
killing curve patterns for ampicillin-susceptible nontypeable
H. influenzae strains.

MATERIALS AND METHODS

Study design. Twenty ampicillin-susceptible nontypeable
H. influenzae strains were studied. On retrieval from stock
culture, each strain was confirmed to by nontypeable H.
influenzae and ampicillin susceptible by standard microbio-
logical methods. Several 24-h killing curve patterns were
then determined by the ADPC method for each strain (35).
On the basis of the 24-h patterns, several putative rapidly to
slowly killed strains were studied further to determine the
reproducibility ofthe 24-h patterns and to determine patterns
of sequential killing after various times of ampicillin action.
H. influenzae strains. Of the 20 ampicillin-susceptible

nontypeable H. influenzae isolates studied, 15 were obtained
through the courtesy of Timothy F. Murphy (17) of the
Department of Medicine, State University of New York,
Buffalo, and 5 were obtained from the stock culture collec-
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tion of the St. Paul-Ramsey Medical Center Clinical Micro-
biology Laboratory. Stock cultures were prepared in 5%
defibrinated sheep blood and maintained at -70°C. Strains
were retrieved from stock culture by two 24-h passages on
chocolate Mueller-Hinton (prepared from Mueller-Hinton
agar [MHA; BBL Microbiology Systems, Cockeysville,
Md.]) that was incubated at 35°C in a humidified 5% CO2
atmosphere.
AD susceptibility tests. Ampicillin MICs were determined

by an agar dilution (AD) replicator method in accordance
with the recommendations of the National Committee for
Clinical Laboratory Standards (18) by using both chocolate
MHA and the recently described (12) H. influenzae growth
and susceptibility test medium (HTM) agar. Isolates were
judged to be susceptible to ampicilhin if MICs on both
chocolate and HTM agar were s2 pLg/ml.

Ampicillin stability in HTM agar. In previous studies (34,
35) we encountered some loss of ampicillin activity in ADPC
plates made with MHA and 1% supplement C (Difco Labo-
ratories, Detroit, Mich.) as a consequence of various lots of
supplement C containing small amounts of P-lactamase. To
avoid this problem in the present study, ADPC panels were
prepared with the recently introduced HTM (12). The sta-
bility of ampicillin in HTM agar under storage (4°C) and
incubation (humidified 5% CO2 atmosphere at 35°C) condi-
tions was studied as follows. AD panels were prepared with
HTM containing ampicillin in twofold dilution concentra-
tions ranging from 0.06 through 64 ,ug/ml. The stability of
ampicillin under storage conditions at 4°C was examined by
removing panels after 0, 1, 2, 6, 7, 14, 21, and 42 days of
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storage, at which time they were brought to room tempera-
ture, inoculated by the AD replicator method with Staphy-
lococcus aureus ATCC 29213 and Escherichia coli ATCC
25922, and then incubated at 35°C in a humidified 5% CO2
atmosphere for 16 to 20 h. The MICs were then determined.
The stabilities of ampicillin panels under incubation condi-
tions were examined by inoculations with S. aureus ATCC
29213 and E. coli ATCC 25922 on the day of preparation and
after 24, 48, and 72 h of incubation at 35°C in a 5% CO2
humidified atmosphere. MICs were then determined 16 to 20
h after panel inoculation.

Preparation and standardization of ADPC inoculum. Mate-
rial from a number of colonies on the second stock retrieval
plate was inoculated into 5 ml of HTM broth (12) contained
in a borosilicate glass tube (16 by 125 mm), which was then
incubated at 35°C in air until the broth approached the
density of a 0.5 McFarland standard. This procedure was
previously shown (35, 39) to produce a log-phase culture of
-3 x 108 CFU/ml. The culture was then diluted 1:10, 1:100,
and so on with Mueller-Hinton broth to produce the appro-
priate inoculum densities as needed for the ADPC inocula-
tion. The actual density of each inoculum preparation was
determined by pipetting 0.1 ml onto the surface of each of
three HTM agar plates, which was then thoroughly streaked
with a bacteriological loop in three opposing directions to
disperse the inoculum evenly over the entire surface of each
plate. Plates were allowed to dry for -15 min, two of the
plates were overlaid with 10 ml of molten (48°C) HTM agar,
and the preparations were then incubated at 35°C in an
humidified 5% CO2 atmosphere for 48 to 72 h, at which time
the colonies were counted. The colony counts were then
compared for the overlaid and the nonoverlaid plates and
then averaged for calculation of the actual inoculum density.

Preparation and interpretation of ADPC panels. ADPC
panels were prepared (35) with HTM agar containing ampi-
cillin in twofold dilution concentrations ranging from 0.25
through 128 ,ug/mil and were used within 1 week of prepara-
tion, most often on the day they were made. Immediately
after preparing the standardized inoculum, 0.050 ml was
pipetted onto the surface of each plate and streaked with a
bacteriological loop to disperse thoroughly the inoculum
evenly over the entire surface. Inoculated plates were al-
lowed to dry for -15 min, at which time each plate was
overlaid with 10 ml of molten (48°C) HTM agar containing an
analogous concentration of ampicillin. Panels were prepared
in duplicate for each isolate and were then incubated at 35°C
in a 5% CO2 humidified atmosphere for 24 h, at which time
MICs were determined. Analogous to other dilution meth-
ods, the MIC on ADPC panels was defined as the minimum
ampicillin concentration in the ADPC panel for and above
which bacterial growth was absent when the panel was
examined after 24 h and before the application of ,B-lacta-
mase. In actual practice, colony counts on the MIC plate
were virtually absent at the 24-h reading, with MICs occa-
sionally increasing one dilution step on prolonged incuba-
tion. After determination of the MIC, each plate was over-
laid with 1.0 ml of a 1:10 dilution of Penase (Difco) in sterile
deionized water to inactivate the ampicillin. Plates were then
reincubated for 48 h, at which time colony counts were made
to determine the number of CFU that were able to survive
the ampicillin action. For some slow-growing strains, plates
were incubated for an additional 24 h to allow for the
development of colonies large enough for accurate counting.
The average colony count from the duplicate plates was used
to calculate the percentage of surviving CFU at each ampi-
cillin concentration. The paradoxical effect (7) was defined

as a progressive increase in the percentages of persisting
colonies for two or more twofold dilution steps above the
MIC. Paradoxical trough and peak survivor percentages
were defined as the lowest and highest numbers of colonies
encountered, respectively, in the biphasic paradoxical pat-
tern. The trough survivor percentage thus represented the
maximum killing effect observed for ampicillin concentra-
tions immediately above the MIC in the so-called zone of
optimum bactericidal action described by Eagle and Mussel-
man (7). Conversely, the peak survivor percentage repre-
sented the minimum killing effect observed for ampicillin
concentrations above the optimal killing zone. By using the
methods and definitions described above, 24-h killing curve
patterns were determined for each of the 20 nontypeable H.
influenzae strains.
To assess the reproducibility of the 24-h patterns, several

putative slowly to rapidly killed strains were selected on the
basis of their different trough survivor percentages for re-
producibility studies. For each strain, reproducibility was
investigated by determining six to eight 24-h killing curve
patterns by using inoculum preparations made from separate
retrievals from stock cultures. Strain dependency and the
ability to detect the paradoxical effect were also examined
by determining sequential killing curve patterns representing
various times of ampicillin action. To do this, a sufficient
number of ADPC panels were prepared for each isolate so
that duplicate panels could be overlaid with Penase to
inactivate ampicillin at 6, 12, 24, 48, and 72 h. Inocula were
sometimes adjusted to 1- or 2-log1o-unit increments above or
below the standard =1.5 x 105 CFU per plate in order to
provide statistically optimal counts for some slowly and
rapidly killed strains, for panel concentration zones showing
large differences in trough and peak survivor percentages,
and for sequential curves representing short and long times
of ampicillin action.
For all of the ADPC procedures, internal quality control

was provided by comparing the MIC on ADPC panels with
that determined for the isolate by the AD chocolate MHA
and HTM agar methods. For all trials, the MIC on ADPC
panels was found to be equal to or slightly less than the
values obtained by the AD methods.

RESULTS

Ampicillin stability in HTM agar. Ampicillin MICs deter-
mined in AD panels stored at 4°C for 0, 1, 2, 6, 7, 14, 21, and
42 days were 0.5, 0.5, 0.5, 1, 0.5, 0.5, 0.5, and 1 ,g/ml,
respectively, for S. aureus ATCC 29213 and 8, 4, 8, 8, 8, 8,
8, and 8 ,ug/ml, respectively, for E. coli ATCC 25922, thus
indicating a rather remarkable stability of ampicillin under
storage conditions. MICs determined by inoculating panels
after incubation times of 0, 24, 48, and 72 h at 35°C in
humidified 5% CO2 atmosphere were 0.5, 0.5, 0.5, and 1
p.g/ml, respectively, for S. aureus ATCC 29213 and 4, 8, 8,
and 8 Fg/ml, respectively, for E. coli ATCC 25922, indicating
an acceptable stability of ampicillin under prolonged condi-
tions of incubation in ADPC sequential killing curve studies
extended over several days.
MICs for nontypeable H. influenzae strains. Table 1 pres-

ents a summary of the ampicillin MICs determined for the 20
nontypeable H. influenzae strains by the AD method with
panels prepared with chocolate MHA and HTM agar and by
the ADPC method with panels prepared with HTM agar.
ADPC MICs were predominantly equivalent to or 1 dilution
step lower than AD MICs, with 9, 7, 2, 1, and 1 being 0, -1,
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TABLE 1. Summary of ampicillin MICs for 20 ampicillin-susceptible nontypeable H. influenzae strainsa

No. of strains for which ampicilHin MICs (>g/ml) were:
Method

0.03 0.06 0.12 0.25 0.5 1 2

AD-MHA-Choc 3 12 3 2
AD-HTM 3 12 3 2
ADPC-HTM 1 1 2 6 7 2 1

a MICs were determined by the AD method with both chocolate MHA (AD-MHA-Choc) and HTM (AD-HTM) agars and by the ADPC method with HTM agar
(ADPC-HTM).

-2, -3, and -4 twofold dilution steps lower, respectively,
than the corresponding AD MICs. MICs for several strains
showed a marked inoculum dependency that required a
carefully prepared inoculum of 104 CFU per spot or less, as
recommended (4, 30) for haze-forming strains of H. influ-
enzae. For such strains, Gram-stained preparations of the
apparent surface growth on AD plates having concentrations
above the MIC showed that essentially all of the cells had
morphologic features of cell wall-defective forms. These
observations were similar to those described previously (4,
24, 30) and are discussed below in relationship to the killing
curve patterns for the 20 strains examined in this study.

Killing curve patterns at 24 h. The paradoxical effect was
observed in the 24-h killing curve patterns for all 20 strains.
Maximum killing (trough survivor percentages) for each of
the 20 strains occurred over a narrow range of ampicillin
concentrations immediately above the MIC. For concentra-
tions above the trough, the majority of strains showed
survivor percentages that increased rapidly, with peak per-

centages often being 1 or more log1o increments higher. For
all 20 strains, the 24-h patterns formed an evenly distributed
array ranging from that for the most slowly killed strain
(trough survivor percentage, >10%) to that for the most
rapidly killed strain (trough survivor percentage, -0.01%).
The reproducibility of the 24-h patterns is illustrated in

Fig. 1A through 4A, which represent clusters of six to eight
independently determined patterns for strains 1034, 3198,
3524, and 2019, respectively, and which represent the range
of strain-dependent bactericidal responses that were ob-
served for the 20 strains. For strain 1034 (Fig. 1A), the
pattern cluster was tight, with trough percentages exceeding
10% and peak percentages approaching 100%, thus indicat-
ing a remarkable ability of this strain to survive under the
action of ampicillin. For strain 3198 (Fig. 2A), the pattern
cluster was again tight, with trough percentages exceeding
1% and peak percentages being above 10%, thus indicating
that the strain has a slow bactericidal response to ampicillin
but one that is somewhat greater than that of strain 1034. For
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FIG. 1. (A) Ampicillin killing curve patterns for strain 1034 after ampicillin action for 24 h determined in eight separate trials. (B)
Sequential ampicillin killing curve patterns for strain 1034. Curves designated 6, 12, 24, 48, and 72 h represent the percentages of inocula
surviving as viable CFU after the indicated duration of ampicillin action. Data for the sequential patterns represent a single trial from stock
culture for which the survivor percentages were calculated from duplicate panels prepared for each time point. The ordinates represent the
percentage of the inoculum that survive as viable CFU after ampicillin action. The abscissas represent ampicillin concentrations in the ADPC
plates.
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FIG. 2. (A) Ampicillin killing curve patterns for strain 3198 after ampicillin action for 24 h determined in six separate trials. (B) Sequential
ampicillin killing curve patterns for isolate 3198. Curves designated 6, 12, 24, 48, and 72 h represent the percentages of inocula surviving as
viable CFU after the indicated duration of ampicillin action. Data for the sequential patterns represent a single trial from stock culture for
which the survivor percentages were calculated from duplicate panels prepared for each time point. The ordinates and abscissas are as
described in the legend to Fig. 1.
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FIG. 3. (A) Ampicillin killing curve patterns for strain 3524 after ampicillin action for 24 h determined in eight separate trials. (B)

Sequential ampicillin killing curve patterns for isolate 3524. Curves designated 6, 12, 24, 48, and 72 h represent the percentages of inocula
surviving as viable CFU after the indicated duration of ampicillin action. Data for the sequential patterns represent a single trial from stock
culture for which the survivor percentages were calculated form duplicate panels prepared for each time point. The ordinates and abscissas
are as described in the legend to Fig. 1.
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FIG. 4. (A) Ampicillin killing curve patterns for strain 2019 after ampicillin action for 24 h determined in eight separate trials. (B)
Sequential ampicillin killing curve patterns for isolate 2019. Curves designated 6, 12, 24, 48, and 72 h represent the percentages of inocula
surviving as viable CFU after the indicated duration of ampicillin action. Data for the sequential patterns represent a single trial from stock
culture for which the survivor percentages were calculated from duplicate panels prepared for each time point. The ordinates and abscissas
are as described in the legend to Fig. 1.

strain 3524 (Fig. 3A), the pattern cluster showed curves
divergent over a 1-loglo-unit increment, with trough and
peak survivor percentages averaging about 0.1 and 1%,
respectively. For isolate 2019 (Fig. 4A), the pattern cluster
was slightly more divergent than that for strain 3524, with
trough percentages being between 0.01 and 0.1% and peak
percentages being approximately 0.5-loglo-unit increment
higher. Although the pattern clusters for strains 3524 and
2019 (representing the more rapidly killed strains) were more
divergent than those encountered for strains 1034 and 3198
(representing the more slowly killed strains), they were
deemed sufficient to characterize the relative response of
these strains to the bactericidal action of ampicillin.

Sequential killing curves. The sequential killing curve
patterns determined after various times of ampicillin action
for strains 1034, 3198, 3524, and 2019 are presented in Fig.
1B through 4B, respectively. For strain 1034 (Fig. 1B),
trough survivor percentages after 6, 12, 24, 48, and 72 h of
ampicillin action were -38, 41, 21, 8, and 7%, respectively.
With extended ampicillin exposure, the paradoxical effect
became more prominent, and trough percentages dropped;
however, peak percentages remained high, with 50 to 80%o of
the original inoculum surviving. On examination of panels at
48 h, immediately before Penase application, tiny colonies
were perceptible in the plates containing ampicillin at greater
than or equal to the MIC. For the 72-h preparations, before
the addition of Penase, colonies were more apparent and the
paradoxical effect was perceivable for plates with the higher
concentrations of ampicillin. Close scrutiny of colony mor-
phology showed that the features of some were characteris-
tic of L-form colonies, and random material selected for
Gram-stained colonies showed no normal coccobacillary

forms but only cells with the features of L-forms. In con-
trast, when colonies were examined 24 h after the addition of
Penase at 48 and 72 h, Gram-stained preparations showed
reversion of the L-form colonies to vegetative colonies, as
indicated by the presence of numerous small gram-negative
bacilli that developed and spread from the edge of granular
colonies along with normal coccobacillary forms that were
distributed elsewhere. These findings suggest that most if not
all of the surviving CFU originated initially as osmotically
stable cell wall-defective forms and not from cells with a
normal coccobacillary morphology. Because growth of the
small colonies was only discernible on panels incubated for
48 h or more, the possibility that the phenomenon might be
caused by inactivation of ampicillin, either because of alter-
ations in the medium produced by addition of the inoculum
or by the production of P-lactamase by the surviving frac-
tion, was investigated. Inoculated panels showing discern-
ible colony growth after 48 and 72 h of incubation were spot
inoculated with -104 CFU of S. aureus ATCC 29213 and E.
coli ATCC 25922 and reincubated at 37°C for 24 h to assess
potential ampicillin degradation as indicated by an increase
in MICs. MICs were found to be the same as those deter-
mined earlier for ampicillin under conditions of incubation
and were identical to those known for the S. aureus and E.
coli strains. Materials selected from colonies on plates after
48 and 72 h of incubation without ,-lactamase showed no
evidence of P-lactamase production, as tested by the chro-
mogenic cephalosporin method. Figure 2B shows the se-
quential curves for isolate 3198. Trough survivor percent-
ages for ampicillin action at 6 and 12 h each approximated
10%, with peaks exceeding 50% survival. Trough percent-
ages for ampicillin action times of 24, 48, and 72 h were -4,
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0.2, and 0.2%, respectively, indicating that the strain was
somewhat more rapidly and progressively killed than strain
1034 was. The paradoxical effect was distinct for all the
curves, with peaks increasing proportionately over the time
of ampicillin action. Examination of 48- and 72-h prepara-
tions prior to the addition of Penase showed no distinct tiny
colonies. This situation suggests that although L-forms may
have been present, growth in the presence of ampicillin was
insufficient to form colonies that were large enough for
detection, even though the strain was killed slowly. Figure
3B presents the sequential killing curves for strain 3524.
Compared with the strains described above, the patterns
indicate more rapid and progressive killing of strain 3524 for
the specific times of ampicillin action, and the paradoxical
phenomenon was again evident in each of the patterns. As
with strain 1034, and unlike strain 3198, tiny colonies were
observed on the 48- and 72-h preparations before the addi-
tion of Penase. These tiny colonies showed the morphologic
features of cell wall-defective colonies, and Gram-stained
material showed no normal coccobacillary forms but only
large irregular and spherical forms intermixed with smaller
granular bodies that were significantly larger than normal
bacilli and that were deemed to be characteristic of cell
wall-defective microorganisms.

Figure 4B presents the sequential patterns for strain 2019.
Compared with the other three isolates described above,
each sequential pattern showed distinctly lower trough sur-
vivor percentages, with the paradoxical effect being present
for each curve. As with strains 1034 and 3524, tiny cell
wall-defective colonies were also observed in the 48- and
72-h preparations, before the addition of Penase.

DISCUSSION

We previously developed the ADPC method (34, 36, 38) to
provide an alternative to broth dilution methodology for
assessing bactericidal action. The uniqueness of the ADPC
method is that the inoculum CFU is immobilized in an agar
gel matrix during the action of and after the inactivation of
the antimicrobial agent, thus potentially avoiding variations
in minor technical factors that are known to influence
markedly the results of broth dilution methods. Using the
ADPC method, we studied the bactericidal action of oxacil-
lin against strains of S. aureus and ampicillin against strains
of H. influenzae type b. For each of these genera, we found
the bactericidal action to be strain dependent and ranged
from strains that were killed rapidly to others that were
killed more slowly. Of special interest was the finding that
the paradoxical effect was manifested at some time during
the killing sequence of each strain.
The present investigation was undertaken to determine

whether nontypeable strains might respond differently from
typeable strains to the bactericidal action of ampicillin and to
provide a base of reference for a study in progress on the
bactericidal action of ampicillin on a unique group of non-
typeable strains that are ampicillin resistant but that do not
produce ,-lactamase. The results of the present study indi-
cate that ampicillin-susceptible nontypeable strains are also
killed in a strain-dependent fashion and that the paradoxical
effect can be found for each strain. In anticipation of
comparison of the results of the present study with those of
the previous study (35) of typeable H. influenzae strains and
with the knowledge that results can be media dependent (13,
20, 21), killing curves prepared for typeable and nontypeable
H. influenzae strains by using ADPC panels prepared with

both HTM agar and MHA-1% supplement C showed (un-
published data) essentially equivalent or slightly lower pat-
terns with HTM agar, thus providing assurance that the
results of the two studies might be validly compared. From
the results of the two studies, nontypeable strains appear to
be killed more slowly. In the present investigation, the
reproducibility studies of the 24-h killing curve patterns
showed tight pattern clusters for the more slowly killed
strains. For the more rapidly killed strains, 24-h patterns
were more divergent but were sufficient as a cluster to
characterize the bactericidal response of a strain. The range
of strain-dependent bactericidal responses observed for the
20 strains (trough survivor percentages, =0.01 to >10%), the
universal presence of the paradoxical effect, and the diver-
gence of 24-h patterns for the more rapidly killed strains
serve to point out the danger of using only one 24-h pattern
to assess bactericidal action and the ineffectiveness of using
arbitrary break points (such as 0.1% survival) and artificial
indices (such as the MBC or the MBC/MIC) to assess
bactericidal response. A question exists as to whether bac-
tericidal response can best be judged by 24-h patterns or by
patterns determined earlier or later in the killing sequence.
The 6-, 12-, 48-, and 72-h sequential patterns in the present
study essentially paralleled the results of those determined at
24 h and seemed to show no advantage one way or the other.
It is possible, however, particularly for the more rapidly
killed strains, that the reproducibility of patterns might be
improved at the 6- or 12-h time points.
The mechanisms by which microorganisms survive the

action of antimicrobial agents are poorly understood and
remain debatable. Although the production of osmotically
stable L-forms has been generally discounted (9-11, 26) as a
significant contribution to the in vitro survival of microor-
ganisms, as determined by killing curves, findings of this
study and those of other studies discussed below suggest
that the subject should be carefully reexamined. Our obser-
vations indicated that the long-term survival of strains 1034,
3524, and 2019 were due, at least in part, to the production of
osmotically stable L-forms that remained viable and even
multiplied under the influence of ampicillin and that regrew
as vegetative forms after ampicillin was inactivated. Apro-
pos are the previous studies by Roberts et al. (24), Bottone
et al. (4), and Sykes et al. (30) relating to the problems
encountered in defining susceptibility test inhibition break
points. Certain strains of H. influenzae were observed to
have a proclivity to form a hazy growth in broth dilution
tubes, on agar dilution plates, and within inhibition zones on
disk agar diffusion tests. For concentrations immediately
above the MIC, microscopic examination of material from
hazy growths generally showed the presence of enlarged
filamentous, nonseptate or often multiseptate forms with
lateral, irregularly sized outpouchings along the filaments. In
contrast, for progressively higher concentrations than those
immediately above the MIC, microscopic examination
showed variously sized and irregularly shaped, large spher-
ical bodies in granular forms without the presence of fila-
ments or normal coccobacillary forms. Subculture of the
hazy material to PPLO agar showed the development of tiny
L-form colonies that revealed by microscopy large and
irregular spherical bodies compatible with spheroplasts.
When such colonies were subcultured onto chocolate agar,
typical vegetative colonies developed that revealed by mi-
croscopy the normal gram-negative coccobacillary forms of
H. influenzae. The haze phenomenon was shown to be
inoculum dependent, and inhibition break points were mark-
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edly improved by using inoculum densities of 104 CFU/ml or
lower or by microscopically examining growth to determine
the break point at which normal coccobacillary forms could
not be found. Results of scanning electron microscopic
studies presented by Klein and Luginbuhl (15) provided
confirmatory evidence that growth at concentrations greater
than the MIC was due to the presence of cell wall-defective
forms. Additional information in support of this concept was
provided by Yourassowsky and associates (40), who studied
the action of cefamandole on a P-lactamase-producing strain
of H. influenzae. Concomitant densitometric and morpho-
logic studies of an actively growing culture acted upon by
cefamandole at a supra-MIC (10 ,ug/ml) showed the rapid
development of spherical cell wall-defective forms that, as
cefamandole was inactivated by ,-lactamase production,
increased in number and eventually reverted to normal
bacillary forms. Those investigators noted the potential of
osmotically stable L-forms to complicate bactericidal stud-
ies, the extent of which may vary with strain, medium, and
inoculum size. Evidence that the production of osmotically
stable L-forms might be a significant in vivo mechanism
permitting H. influenzae to survive the action of ,B-lactam
agents has recently been presented by Roberts and associ-
ates (23). Using a special medium supplemented with N-
acetylglucosamine to study bronchial secretions, they
readily isolated L-forms that promptly reverted to typical H.
influenzae vegetative forms on subculturing. They proposed
that under the influence of lysozyme, P-lactam agents, or
both in tracheal bronchial secretions, spheroplast-forming
strains of H. influenzae might be. responsible for the recur-
rence and chronicity of tracheobronchitis.
A number of researchers other than those mentioned

above have investigated the inhibitory and bactericidal ac-
tions of ampicillin and other agents on H. influenzae strains,
but they did not include concomitant morphologic observa-
tions and yielded a paucity of information on killing kinetics.
The effect of inoculum size on ampicillin and some other
,-lactam MICs for H. influenzae, particularly for ,-lacta-
mase-producing strains, has been reported and discussed
previously (5, 16, 28, 31). Several studies on the bactericidal
action of ampicillin (6, 25, 33) have found in general that
strains undergo 99.9o killing in 24 h by supra-MICs. Berg-
eron and colleagues (2) found that ampicillin-susceptible
strains undergo 99.9% killing in 24 h by 2 ,ug of ampicillin,
moxalactam, or chloramphenicol per ml, with cefamandole
showing less bactericidal action against 11 strains. Simard
and Bergeron (28) found 4 of 87 ampicillin-susceptible H.
influenzae strains to be killed slowly (MBC and MIC, .32
pug/ml) by cefoperazone, moxalactam, cefotaxime, and ceph-
alothin. Those investigators mentioned the possibility that
slow killing might be due to the production of cell wall-
defective forms. Bergeron and LaVoie (3), using the MBC as
a measure of killing, found 9 of 165 ampicillin-susceptible H.
influenzae strains to be killed slowly (MBC and MIC, .32
,ug/ml) with stationary-phase inocula, with only four strains
being killed slowly with exponential-phase inocula. Broth
dilution plate count killing curves determined at 2, 6, 12, and
24 h with a single ampicillin concentration of 2 ,ug/ml were
said to correlate well with MBCs. The reproducibility of the
killing curves was not mentioned, and the paradoxical effect,
unfortunately, could not be observed because of the use of a
single ampicillin concentration.
Although the paradoxical effect was observed over 40

years ago (7, 8, 14), the biochemical mechanisms responsible
for the phenomenon remain unknown and speculative. The
effect has been observed primarily for cell wall-active agents

against a variety of microorganisms, with the effect being
observed inconsistently by the broth dilution methodology
(1, 27). As far as we can tell, the paradoxical effect was not
observed for H. influenzae prior to the elegant study by
Yourassowsky and associates (41). By using a unique triple-
agar-layer disk diffusion method in which the area of the
antimicrobial gradient zone around the disk was monitored
by optical-galvanometric densitometry for quantitative
growth after inactivation of ampicillin by P-lactamase, a
variety of gram-positive and gram-negative bacteria were
studied for the presence of the paradoxical effect. By this
agar-based method, a high incidence of the paradoxical
phenomenon was noted for a number of species, with the
effect being found for 10 of 10 H. influenzae strains. These
findings, in conjunction with those of our previous (35) and
present studies, may indicate that the phenomenon is en-
hanced or more easily detected by agar-based systems. In a
study of the bactericidal action of moxalactam against S.
aureus, Nelson and Washington (19) reported a close asso-
ciation of the paradoxical effect with strains that appear to be
killed slowly. Taylor and associates (32), in a study of the
bactericidal action of oxacillin against S. aureus, also ob-
served that the paradoxical effect was manifested most
frequently for the more slowly killed strains. More recently
(22, 29), the association of slow killing and the paradoxical
effect has been described for penicillin against a variety of
streptococci, with the paradoxical effect being said to be a
potential marker for so-called tolerant strains. In reviewing
the methodology and data of these studies, we have sug-
gested (37) that the observed association of the paradoxical
effect and slow killing was due to the fact that plate counts
for rapidly killed strains were most likely too low and too
imprecise to detect the paradoxical phenomenon, whereas
for slowly killed strains, plate counts were sufficiently high
and statistically appropriate to enable the effect to be con-
sistently detected.

In considering the results of our own studies and those of
others in measuring bactericidal action, more questions
seem to be raised than answered. The principal morphologic
form(s) (cell wall-defective forms, normal vegetative forms
in suspended animation, or other forms) in which bacteria
exist while surviving the in vitro action of an antimicrobial
agent has yet to be established. To assess the bactericidal
response, strains of a number of genera need to be studied by
sensitive methods in order to confirm or refute whether the
paradoxical effect is a universal phenomenon. Studies to
elucidate the basic mechanisms responsible for the paradox-
ical effect are needed and should address the putative roles
of the differential inhibition of cell wall-active enzymes by
various antimicrobial agent concentrations and the effi-
ciencies at which various concentrations of an agent pro-
mote the development of osmotically stable L-forms. There
is a distinct need for standardization of test methodologies to
enable the accurate and reproducible characterization of a
bactericidal response, and any such characterization should
include not only the time of action of the antimicrobial agent
and the percentages of surviving bacteria for a full spectrum
of concentrations of antimicrobial agents but also specific
details of the method, media, temperature, pH, and phase of
growth of the inoculum preparation. It will be important to
establish reference strains that represent rapid, intermedi-
ate, and slow bactericidal responses for the strains of various
genera in order to resolve the existing controversies related
to the clinical meaningfulness of strains that are killed
rapidly or slowly. In the quest for answers to some of these
questions, a healthy skepticism should be maintained in
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considering the results of past and future studies of bacteri-
cidal action.
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