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Two terregenous and four marine bacterial isolates were treated with six
antibiotics and antibiotic combinations. Comparisons made between responses
of cells in early and late logarithmic and stationary growth phases indicated
variable sensitivity to the .agents. Bacteria in stationary and late log-phase
cultures exhibited the greatest resistance, whereas the early log-phase cells
exhibited greatest antibiotic susceptibility. We conclude that the tested anti-
biotics cannot be used for ecological purposes to delineate bacterial respiration

in mixed microbial communities.

Respiration has been used as an activity
index for both entire communities and their
constituent populations (L. R. Pomeroy and R.
E. Johannes, Deep-Sea Res. Oceanogr. Abstr.
15:381). Studies of microbial respiration in situ
have been made after treatment with a variety
of antibiotics with the assumption that bacte-
rial respiration is blocked, but that of eukary-
otes and blue-green algae remains relatively
unaffected (7, 15; K. L. Smith, Ph.D. thesis,
University of Georgia, Athens, 1971). Change in
14C0O, evolution has been used as an index of
drug effectiveness in clinical specimens incu-
bated with the agent and '‘C-labeled glucose (3,
4).

These approaches to assaying the activity of
populations ignore the lack of information con-
cerning the mode of action of antibiotizs on
different cell types. Common antibiotics used in
field studies are chloramphenicol (CM), strep-
tomycin sulfate (SM), neomycin sulfate (NEO),
and penicillin G (PEN). The primary modes of
action of each antibiotic have been defined.
CM, SM, and NEO inhibit protein synthesis at
the ribosomal level, whereas PEN inhibits pro-
duction of cell wall material (6, 12). They have
been reported as marine bacterial growth inhib-
itors by several authors (2, 11, 16). Their effects
on bacterial respiration appear to be indirect.

In this paper, we examine the effect of these
four antibiotics on respiration of pure cultures
of marine and terregenous bacteria. Additional
experiments were performed on water samples
from the Sapelo Island, Ga., estuary.

MATERIALS AND METHODS

Bacteria. Stock cultures were maintained in cul-
ture tubes at 26 C and transferred at 5-day intervals.

! Contribution no. 284 from the University of Georgia
Marine Institute, Sapelo Island, Ga.

Vibrio natriegens, Pseudomonas perfectomarinus,
Escherichia coli and Bacillus subtilis were obtained
from the Department of Microbiology’s stock culture
collection (University of Georgia). Marine isolates
911C and 5216 were collected by William Sottile from
Sargasso Sea water samples. 911C is a gram-positive
rod, and 5216 is a gram-negative rod, presumptively
identified as a Vibrio species. All of these bacteria
grew adequately at 26 C.

Media. The marine isolates V. natriegens and P.
perfectomarinus were grown in a broth consisting of
0.1% proteose peptone, 0.1% yeast extract, and
1,000 ml of artificial sea water (10), with pH adjusted
to 7.4 with 1 M NaOH. E. coli and B. subtilis were
grown in 0.8% nutrient broth and made to volume
with deionized water, with pH adjusted to 7.3 with 1
M NaOH. All media were from Difco Laboratories
(Detroit, Mich.).

Antibiotics. The antibiotics used singly and in
combination were: CM, SM, PEN, NEO, PEN-SM,
and NEO-SM. Solutions were made to 2 mg of
antibiotic per ml, stored at 4 C, and replaced by fresh
stock every 3 days. Final concentrations of 50 mg of
antibiotic per liter (7, 14) were maintained during
respiration determinations. All dilutions of solid an-
tibiotics were made with deionized water, and po-
tency was assured by periodic assays with cultures-
with known susceptibility. All antibiotics were from
Sigma Chemical Co. (St. Louis, Mo.).

Culture methods. Inocula from stock cultures of
bacteria were introduced into 100 ml of medium and
shaken at 100 rpm and 26 C. After 12 h, a 5-ml sample
was pipetted into 45 ml of appropriate medium in a
side-arm flask. Growth was initiated by shaking this
flask at 100 rpm at 26 C. Turbidity was measured at
intervals with a Klett-Summerson photoelectric col-
orimeter with an approximately 660-nm wavelength
filter.

Determination of relative respiratory uptake
rates. A Clarke polarographic electrode connected to
an oxygen monitor (Yellow Springs Instruments,
Yellow Springs, Ohio), recorder (Rustrak, Instru-
ments, Manchester, N. H.), and circulating water
bath (Yellow Springs Instruments) were employed for
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respiratory measurements. Samples (5 ml) were
placed in the culture chamber and stirred at 100 rpm
to ensure balanced oxygen uptake. Changes in total
oxygen consumption (TO,) were obtained by reading
directly from the monitor scale over 10-min measuring
periods.

Growth curves and cell number determinations.
Turbidity was determined at 30-min intervals with a
side-arm flask containing 50 ml of culture. At hourly
intervals, 0.1-ml samples were withdrawn, appropri-
ately diluted in sterile growth medium, and spread on
plates. When direct microscope counts were made, a
culture sample was placed in a Petroff-Hauser cham-
ber for direct counting.

Experimental design. Measurements were ob-
tained in triplicate for the respiration of samples of
bacterial cells in both logarithmic and stationary
growth phases. Cultures were grown to the desired
phase of growth as determined by correlation of

turbidity with viable count estimates. For stationary-

phase cultures, three samples of 4.9 ml each were
removed and placed in test tubes. Cultures in this
growth phase were not diluted because of their tend-
ency to resume log-phase growth. Volumes were
adjusted to 5 ml with stock antibiotic for the experi-
mental sample. Culture samples lacking antibiotic
were made to volume with 0.85% saline for nutrient
broth, and artificial sea water for the proteose pep-
tone-yeast extract medium. Logarithmic-phase
cultures were diluted 1:4 with the appropriate diluent.
The tubes were mixed and then incubated for 120
min on a 100-rpm shaker at 26 C. After incubation,
the tubes were mixed and assayed for differences in
turbidity that would reflect growth changes due to
the presence of the antibiotics. The samples were
then placed in the measuring chamber with control
assays both before and after the experimental sam-
ples. Respiration occurring during incubation for
10 min was measured, changes in oxygen consump-
tion being recorded both on tape and as monitor
readings.

Calculation of relative oxygen uptake values.
Change in oxygen content was calculated for a 10-min
period. A mean value was determined for the controls
(é); the difference between this and the experimental
value (e) was used to represent inhibition if negative,
stimulation if positive, in sign. Percent change from
the control mean was calculated by the following
equation:

100 x ¢=¢ - ToO,
4

Percent change in turbidity and cell number for the
samples after incubation was obtained in the same
way.

Statistical analysis of data. The variance for two
samples, N, and N,, was equal to:

(N; -1S,% + (N, -1)8S,;*
N,+ N, -2

The t value used in the small sample test of differ-
ences between two means was equal to:
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l 1)
S( —+ ——)
N, N,
where N equals number of data points, S (standard
deviation of the mean) equals (S?)%, and D (difference
between means) equals %, — %,. Statistical procedures
follow those of Sokal and Rohlf (15). If ¢ is greater
than t 4 25, then the means are significantly different
at the 95% confidence level.

Field data. Water samples were taken during
various tidal periods from the estuary at Sapelo
Island, Ga. Particulate material was concentrated 25-
to 50-fold by passage through 0.45-um glass-fiber
filters. Concentrates were split into control and exper-
imental volumes, incubated as for pure cultures, and
placed in respirometer chambers. Antibiotics were
added at the same concentration used for pure cul-
tures. TO, was measured over a 3-h period at hourly
intervals. No carbon sources were added to the
concentrates.

D
1

RESULTS

Antibiotic potency tests. The minimum in-
hibitory concentrations of antibiotics were de-
termined for the six bacterial isolates used. The
concentrations required for growth inhibition
were all less than the experimentally used 50
mg/liter.

Growth curves. Growth curves were deter-
mined for all bacteria used in respirometry
measurements. In each case, turbidity readings
in Klett units were plotted against viable plate
counts. Each curve showed a linear region for
cells in logarithmic growth phase. The plots of
Klett units versus log,, cell numbers showed no
such area for stationary-phase cultures. Bacte-
ria grown for respirometry measurements were
judged in logarithmic or stationary phase by
change in turbidity and by reference to these
initial curves.

TO, and Klett unit measurements. Because
TO, readings represented change due to both
growth and respiratory effects, turbidity read-
ings were obtained to reveal cell lysis that might
occur. In both logarithmic and stationary
growth phases, decreases in Klett units were
concomitant with decreases in TO, for treated
samples. This cytolytic effect was further exam-
ined by direct microscope observation. In most
log-phase cultures examined, there was evi-
dence of considerable cell lysis in the presence
of antibiotics. Marine and terregenous bacteria
treated with PEN and PEN-SM yielded sphae-
roplasts as well as lower total direct counts
than control cultures. The other antibiotics
produced only lytic effects, which contributed
to observed decreases in turbidity.

Individual antibiotic effects on respiration.
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In Fig. 1 and 2, data on the responses of the six
bacterial cultures in log and stationary phases
are shown. Significant stimulation or inhibition
of oxygen uptake refers to values in relation to
the zero on the Y-axis of the plots. Means and
95% confidence intervals are shown for three
- data points. Of 36 log-phase data sets, 15
showed significant inhibition of TO,, whereas
the remainder did not statistically differ from
zero. No single antibiotic exhibited a greater
effect than any other, and no uniform bacterial
effect was found. Mean values for inhibition
varied from 7 to 90% for the 15 significant
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responses, 13 of which were found in the range
30 to 75%. None of the stationary-phase cultures
was affected, indicating resistance of cells in
this growth state to respiratory changes. The
variability in size of confidence intervals was
due to use of cells with different growth rates in
the stationary-phase calculations and the in-
corporation of early- and late log-phase values
in logarithmic-phase determinations.
Comparative logarithmic and stationary
growth phase effects. Estimates for differences
between mean values at the 95% confidence
level were made for log- and stationary-phase
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Fic. 1. Population respiratory responses of logarithmic-phase bacteria to antibiotic action with means and
95% confidence limits for data sets containing three data points each.
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Fic. 2.. Populqtiqn respiratory responses of stationary-phase bacteria to antibiotic action with means and
95% confidence limits for data sets containing three data points each.
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cells (Table 1). Of 36 TO, data sets, 22 had
significantly different means. In 14 TO, sets,
log- and stationary-phase cells did not differ in
their antibiotic response.

Comparative early and late logarithmic
growth phase responses. Differences in antibi-
otic susceptibility were noticed for early and
late log-phase cultures. Comparisons were made
between these stages with oxygen uptake values
selected from all measurements of antibiotic
susceptibility in log-phase cultures. Because
individual antibiotics did not vary significantly
in their effects on the bacteria tested, results
were pooled to yield data sets for SM, CM,
PEN-SM, and NEO-SM (Table 2). All TO,
values showed significant differences in the
susceptibility of cells in early and late log phase.
Relative respiratory indices revealed differences
in susceptibility of cells in different periods of
the log phase.

Tests between means at 95% confidence levels
were also performed for late log- and stationary-

TaBLE 1. Estimated differences between means for
log- and stationary-phase TO, data

Fraction of data sets with
Organism significantly different
means®
B. subtilis 6/6
E. coli 5/6
V. natriegens 4/6
P. perfectomarinus 2/6
911C 3/6
5216 2/6

2 All ¢ tests are for a 95% confidence interval.
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phase cultures. The results for experiments
involving four antibiotics (Table 3) showed no
significant differences for population oxygen
uptake response. A comparison was made be-
tween early log- and stationary-phase cells. All
results of t tests between means (Table 4)
showed significant differences at the 95% confi-
dence level for four antibiotics.

Examination of antibiotic effects over an
entire growth cycle. Because of the differences
between early and late log-phase responses to
the antibiotics, a detailed examination of respi-
ration effects by SM was undertaken for an
entire growth cycle. For V. natriegens, inhibi-
tion was greatest in the log phase and decreased
continuously over the entire growth cycle until
in the stationary phase there was actually some
respiration stimulation (Fig. 3).

Field data. The effect of NEO, SM, and
NEO-SM was a linear decrease in oxygen up-
take relative to the control values (Fig. 4).

DISCUSSION

Effects of individual antibiotics on log- and
stationary-phase bacterial cultures. The TO,
of log-phase cells seemed related more to species
characteristics than to nature of the antibiotic
used. No consistent pattern of inhibition by a
single agent was observed. Hargrave (7) exposed
bacteria in the fresh water system he investi-

" gated to 50 mg each of SM and NEO per liter for

preincubation periods of 1 to 3 h, and assumed
uniform inhibition of bacterial respiration.
Smith (14) found that respiration was inhibited
from 75 to 95% in marine sediments treated
with 50 mg of SM per liter and preincubated for

TaBL 2. Estimated differences between means for early and late log-phase TO, data

Antibiotic Growth phase Ne to.oms Calculated ¢* Sl(ng: a—n)ce

SM Early log 8 2.23 6.03 +
Late log 4

CM Early log 6 2.36 2.74 +
Late log 3

PEN-SM Early log 5 2.23 4.95 +
Late log ki

NEO-SM Early log 3 2.36 8.32 +
Late log 6

@ Number of data points.
b Calcuated ¢ is tested at the 95% confidence level.
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TaBLE 3. Estimated differences between means for late log- and stationary-phase TO, data
Antibiotic Growth phase Ne toons Calculated t* Sifjr‘if:‘f‘)“
SM Late log 4 2.14 1.7 -
Stationary 12
cM Late log 3 2.23 1.98 -
Stationary 9
PEN-SM Late log T 2.09 1.16 -
Stationary 15
NEO-SM Late log 6 2.12 1.69 -
Stationary 12
e Number of data points.
b Calculated ¢t is tested at the 95% confidence level.
TaBLE 4. Estimated differences between means for early log- and stationary-phase TO, data
Antibiotic Growth phase Ne to.o2s Calculated t* Si(g:iﬁl:a_n)ce
SM Early log 8 2.10 9.83 +
Stationary 12

cM Early log 6 2.16 10.33 +
Stationary 9

PEN-SM Early log 5 2.10 6.40 4
Stationary 15

NEO-SM Early log 3 2.16 7.91 +
Stationary 12

o Number of data points.
® Calculated ¢ is tested at the 95% confidence level.

4 h. The current observations suggest that
uniform suppression of bacterial respiration
should not be assumed for marine or terrege-
nous bacteria incubated for 2 h with compara-
ble SM and NEO concentrations. The use of
pure cultures may jeopardize acceptance of this
conclusion by not approximating natural condi-
tions, but Cviic (2) found similar variability in
the growth responses of marine bacteria to SM
in both artificial and natural sea water samples.
Berland and Maestrini (1) also reported bacte-
rial species differences in responses to CM,
NEO, PEN, and SM.

Of 36 log-phase TO, measurements in the
current study, 21 did not reflect significant

antibiotic effects. None of the stationary-phase
cultures responded, indicating their, at least,
short-term resistance to a number of potential
metabolic disturbances. The effects observed by
Smith (Ph. D. thesis, 1971), Smith et al. (14),
and Hargrave (7, 8) could have been due to
inhibition of some species, partial inhibition of
all the bacteria, blockage of eukaryotes, or any
combination of the above.

Effect of growth state. Antibiotic suscepti-
bility in bacteria appears greatest in log-phase
populations. Thus, many more log-phase values
were significantly different from zero than were
stationary-phase values. Comparisons of means
at the 95% confidence level indicated that a
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Fic. 3. Population respiratory responses and tur-
bidity plotted against time for a growth cycle of V.
natriegens treated with 50 mg of SM per liter. Sym-
bols: O, represent turbidity readings; and @, represent
percent change in TO,.
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Fic. 4. Antibiotic responses of microorganisms
plotted against time for water concentrates from the
Sapelo Island, Georgia, estuary. Symbols: €, ebbing
tide sample treated with 50 mg of NEO per liter; O,
(A), flood-tide sample treated with 50 mg of SM per
liter; @, (B), ebbing tide sample treated with 50 mg of
SM per liter.

majority of log- and stationary-phase data sets
were significantly different from each other.
Results for TO, varied with species, P.
perfectomarinus and marine bacterium 911C
showing fewest significant growth phase differ-
ences in antibiotic response. These results are
consistent with the findings of Berland and
Maestrini (1), who examined the growth effects
of PEN, SM, NEO, and CM on a variety of
marine bacterial species and found susceptibil-
ity to vary within the same genus.

The logarithmic growth phase is a uniform
state of exponential growth. However, cells in
late log phase are entering the stationary phase,
with no real distinction possible between the
end of the former and the beginning of the
latter. Results of t tests for mean differences
between late log- and stationary-phase cell
responses to antibiotics suggest that no real
differences exist. Differences between cells in
early log and stationary phase were significant,
however. Poyton (13) reported higher oxygen
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consumption and heat evolution rates for early
than later log-phase algal cells (Prototheca
zopfii). In the present study, higher oxygen
consumption rates were also seen during early
log phase. Cells in this part of the growth cycle
have the highest rate of biosynthetic activity of
any portion of the growth cycle. The reason that
the respiratory inhibition by antibiotics is
greatest during this period may be that the
production and activity of respiratory enzymes
in these cells is greatest and, thus, interference
with protein synthesis would have the max-
imum effect.

The clinical use of radiometry for antibiotic
susceptibility tests should be re-examined in
light of variability in respiratory bacterial drug
responses due to species and growth state fac-
tors (3, 4). Inhibition of growth should not be
assumed from short-term (1 to 4 h) metabolic
studies, because susceptible cells can show little
or no respiration inhibition over these time
periods, and resistant populations could exhibit
depressed respiration, yet increase in number
with time.

Field study. If our experimental results on
respiration inhibition of pure cultures can be
extrapolated to the field (Fig. 4), existence of
populations of early log-phase cells would ac-
count for the susceptibility to antibiotics. Late
log- or stationary-phase bacteria should not be
affected readily by antibiotics. If bacteria were
in late log or stationary phases, the inhibition of
respiration would have to be due to effects on
sensitive eukaryotes. Foter et al. (5) and other
authors have found that growth of various algae
was inhibited over long incubation periods, 72 h
to 4 days (96 h), in the presence of CM, SM, or
NEO. There is a possibility that oxygen uptake
by such organisms could be affected over
shorter periods, but this has never been exam-
ined.

If any antibiotics can be used to separate
bacterial respiration from that of the rest of a
natural community, then the percent inhibition
must be a reasonably constant value for a wide
variety of species. Results in Fig. 3 show dra-
matically that the percent inhibition can be a
continuously varying factor, dependent not only
on growth phase per se but also on the position
within a phase of growth. We conclude that
CM, SM, NEO, and PEN cannot be used as
presently suggested in the literature to deline-
ate bacterial respiration in mixed microbial
communities.
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