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Upon Tetracycline Concentration 
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A method which minimizes the lag period of measuring growth rates of bacterial 
cultures using late counts has been devised. The standard deviation, expressed as 
a F t a g e  ofthe mean among replicate growth rate determinations for this swain 
o Escbericbia coli, was 3.7 per cent. It has been shown that the a parent growth 
rate constants in the absence of antibiotic were independent o?moculum size. 
Growth rates and rates of kill have been obtained with cells in the constant rowth 
phase in the presence of graded concentrations of tetracycline hydrochlorife. Al- 
though low concentrations of antibiotic merely reduced the growth rate, increased 
concentrations had a definite bactericidal effect. After the initial kill with bacteri- 
cidal concentrations of tetracycline. survivors multiplied at rates which ap eared 
to be a function of the antibiotic concentration. The growth rate of the numgers of 
viables, X, can be quantitatively expressed as a function of tetracycline concentra- 
tion, D, and the growth rate constant, k., so that dx/dt = (k. - kD”)X. For a net 
increase in viables, the rate is a function of the h s t  power of the antibiotic concen- 
tration, whereas a dependence upon the concentration to the one-third power best 
describes the initial rate of change of numbers of viables when the bactericidal 

activity is experimentally manifested. 

HE ELUCIDATION of the effect of antibiotics on 
Tthe growth rate of microorganisms is com- 
plicated by the classical procedure of introducing 
organisms from steady state cultures into solu- 
tions of antibiotic in broth (1). The growth 
process undergoes an induction period when a 
degree of cell maturation precedes the logarithmic 
growth phase characterized by 

X = X.e” 0%. 1) 

where X, is the cell concentration at some time 
t = t,, during this growth phase, and X is the num- 
ber of cells per unit volume a t  time t. The growth 
rate is characterized by the apparent first-order 
rate constant, k (2). 

A systematic approach to the effect of an anti- 
biotic in graded concentrations would be to 
analyze the induction and log growth phases 
separately. The latter can readily be studied by 
combining antibiotic with logarithmic phase 
cells. It can then be assumed that on a statistical 
basis each viable cell is reproducing at the Same 
rate as the next (3,4). There are two convenient 
procedures: (a) the introduction of cells from a 
master culture in the exponential growth phase 
into a broth solution of antibiotic, and (b) the 
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introduction of antibiotic into a culture of log 
phase cells. 

In these circumstances, any change in the net 
rate of growth characterized by the constant k 
can be assigned to the effect of the antibiotic. 
This can be deduced by the change in slope of the 
logarithmic transformation of Eq. 1 as a function 
of antibiotic concentration 

log X = kt/2.303 + log X. (Eq. 2) 

It is apparent that for any net increase in the 
number of viables the diminution of the rate of 
growth compared to the rate in the absence of 
antibiotic can be assigned to actual “kill” of the 
microorganism and/or to a reduction in the gen- 
eration rate. For any measured decrease in 
colony count from the time of antibiotic addition, 
the validity of the term “kill” is unquestioned, 
since it is operationally defined as a reduction in 
the numbers of cells capable of colony formation 
under the stated conditions. 

It could be postdated a priori that if the de- 
crease in the apparent growth rate constant is a 
function of antibiotic concentration for all log 
viable versus time plots for all antibiotic dosage, 
then “kill” by antibiotic as defined is valid, even 
for a positive but lessened growth rate. How- 
ever, if the nature of the functional dependence 
of growth rate on antibiotic dosage varies with 
antibiotic dosage, then the interpretation is neces- 
sarily uncertain, and only when the apparent k<O 
can “kill” be concluded. 

I t  is difficult to deduce the relative contribu- 
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TIME, MIN. 

Fig. l.--Growth curves for E. coli ushg 
graded inocula concentrations. 

TABLE I.-APPARENT FIRST-ORDER GROWTH RATE 
CONSTANTS FOR REPLICATE E. cola CULTURES ON 

DIFFERENT DAYS 

Replicate Growth Rates 

EXPERIMENTAL 

Methods.-The test organism was Escherichia 
coli strain E/r. A broth culture from an isolated 
colony was used to inoculate replicate agar slants 

Day 1 Day 2 Day 3 using Bacto antibiotic medium 3;' these slants were 
0.01 202 0.01153 0.01 178 then stored frozen. This medium was also used for 
0.01165 0.01110 0.01145 broth cultures and plate counts. Dilutions for plate 

counts were made using distilled water containing 0.01193 0.01121 0.01147 
0'01130 0.85% sodium chloride. Plates were incubated for 0.01129 0.01113 
0'01169 at least 48 hours before counting, and subsequently 0.01124 0.01118 

TABLE II.-ANALYSIS OF VARIANCE OF APPARENT FIRST-ORDER GROWTH RATE CONSTANTS FOR REPLICATE 
E. cola CULTURES BETWEEN AND WITHIN DAYS 

Source of Degrees of Sum of Mean Components Variance 
Variation Freedom squares Square of Variance Ratio (F) 

Between days 2 5.0 X 10- 2.5 X lo-' 5ul. + UL 
4.3 

Within days 12 7.0 X lo-? 5.8 X 10- C?V 

Totals 14 12 x 10-7 
0% = variance within days = 5.8 X 10- 
08 = variance between days = 3.8 X 10- 
02 = u'b + al = 9.6 X 10- 

= 3.1 x 10-4 
S.D.: yo of Mean = 2.7 
Tabulated value of (F)  at 0.05 Significance level = 3.9 

-_ 
tions of cells whose generation rate has been 
reduced (perhaps t o  zero), cells which have lost 
the capacity to  form colonies, and cells which con- 
tinue to  reproduce at a n  unchanged rate. All 
of these types of cells may contribute to an 
observed reduction in colony count with time. 

This paper presents initial results of an investi- 
gation of these concepts. The effect of inoculum 
size upon the exponential growth rate and its 
reproducibility has been tested. Attempts have 
been made to fit a functional dependence of rate 
upon antibiotic dosage. 

re-examined for appearance of new colonies after fur- 
ther incubation. Assayed tetracycline hydrochlo- 
ride (995 mcg./mg.) was supplied by courtesy of The 
Upjohn Co. Antibiotic solutions in distilled water 
containing 2 mg./milliliter were sterilized by 
filtration, then stored frozen. Fresh slants and 
antibiotic solution were used for each experiment. 

Reproducibility of Growth Rate Measurements.- 
Growth rates were measured with a Klett-Summer- 
son colorimeter and also by plate counts. The color- 
imeter was used mainly as a screening device prior 
to  viable count experiments. A measured volume 
of an overnight broth culture was diluted into broth 

1 Difco Laboratories, Detroit, Mich. 
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RATE CONSTANTS FOR E .  cola USING INOCULA OF 
TABLE III.-APPARENT FIRST-ORDER G R ~ W T H  

GRADED CONCENTRATION 

Initial Concn., Rate 
appror. Constant 

10J 0.0118 
104 0.0115 
105 0.0117 
106 0.01 15 
107 0.0113 

(x  - It)' 
u* = z ___ = 5.4 x 10" n - 1  

at 37.5O, the growth rate followed turbidimetrically 
a t  500-570 my and at a predetermined turbidity, 
so that the cells known to be in the logarithmic 
phase were diluted into five replicate volumes of 
broth at 37.5'. This procedure of diluting log- 
arithmic phase cells into warm broth reduces any 
lag phase to a minimum (Fig. 1). Dilutions of the 
replicate cultures were plated out at intervals; 
these intervals were chosen after preliminary erpen- 
rnents had indicated which were suitable for deter- 
mination of growth rates. These growth rate deter- 
minations for five replicate cultures were repeated 
on each of 3 days. The correlation coefficients were 
calculated for the logarithm of viable count against 

I 

time for the part of the curves preceding thi 
tionary phase. In every case the correlatior 
highly significant (P > 0.99); Table I lists th 
culated apparent first-order growth rate con5 
obtained on each of the 3 days. Table I1 prc 
the results of an analysis of variance of the g~ 
rate constants between and within days. The ( 
minations of reproducibility of viable counts 
made with cultures in Klett-Summerson colori 
tubes since the reproducibility of the colorir 
determinations was established concum 
Erlenmeyer flasks (250-ml.) were used conti 
20 ml. of culture. 

Effect of hoculum Size.--Graded concentr: 
of logarithmic phase cells were used to inoc 
broth previously warmed to 37.5", and the g.1 
curves of the resulting cultures were deters 
by plate count (Fig. 1). Table I11 lists the g, 
rate constants obtained for the cultures in Fig 

Effect of Tetracycline Concentration.-Fo 
purposes of this study i t  is necessary to adc 
arithmic phase cells to solutions of the antibic 
prewarmed broth or to add antibiotic to logari 
phase cells (4). The former procedure was 
initially in this work, and the results are illusl 
in Fig. 2. Subsequently, it was decided to add 
biotic to cells in the logarithmic phase as the I 

Fig. 2.-Growth 4 

for E. coli in the pr 
of graded concentr 
of tetracycline ( 
grams per millilite 
extended periods. 

10 20 30 40 50 60 70 80 
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Fig. 3.--Initial growth curves for E .  coli in the pres- 
ence of graded concentrations of tetracycline (micro- 
grams per milliliter). 

TIME, MIN. 

ard method. The procedure was as follows. Nine 
replicate cultures of logarithmic phase cells were al- 
lowed to grow at 37.5' for a predetermined period so 
that the concentration increased from about 105 
cells/ml. to about 106/ml. ; eight of the cultures were 
then inoculated with tetracycline hydrochloride 
solution. The cultures then contained 0,0.03,0.05, 
0.1, 0.15, 0.2, 0.6, 4, and 8 mcg./ml. of antibiotic. 
Viable counts were made at  intervals; Fig. 3 illus- 
trates the results. The growth rate constant was 
calculated for the initial straight line part of each 
curve. 

DISCUSSION 

The results of the analysis of variance of the 
apparent first-order growth rate constants for repli- 
cate E. coli cultures show that the between days 
variance is significantly greater than the within days 
variance (F test, Table 11). The apparent rate 
constants that were used were uncorrected for the 
transformation to decadic logarithms, i e . ,  S = k/- 
2.303 for the slope of Eq. 2. The mean value for the 
rate constants, S, is 0,01146, and the standard devia- 
tion for the several studies within days OW = 2.4 X 
lo-* and among days is U D  = 1.95 X lo-', SO that 
the standard deviation of an S value among and with- 
in days is u = d u w l  + U D ~  = 3.1 X 10-'or2.7%of 
the mean value. 

The procedures used have resulted in an apparent 
elimination of the lag period of growth for each of 
the initial concentrations tested (Fig. 1). The var- 
iance, ua = 5.4 X (Table 1x1 and Fig. 1 )  among 
rate constants for the cultures with various initial 
inocula concentrations is not significantly different 
from the variance among rate constants within days 
in Table I1 (u' = 5.8 X for cultures with 
replicate inocula. 

The rates of growth of E .  coli in the presence of 
tetracycline are decreased as functions of the con- 
centrations of the antibiotic but are still consistent 
with Eq. 1. The log X UEYSUS time plots of Fig. 3 
in the presence of antibiotic are consistent with the 
expectation of Eq. 2, which describes the exponential 
growth of X .  microorganisms from the time of anti- 

biotic addition. A more geners -~garithmic ex- 
pression, in the presence of an ith concentration of 
tetracycline is 

log x = sit + log x. (Eq. 3) 
where Si = k/2.303, k in minutes-I. The apparent 
first-order growth rate constant, S;, is a linear func- 
tion of the antibiotic concentration, D, in micro- 
grams per milliliter for all positive values of St 
(Fig. 4) 

(Eq. 4) Si = So - KD 
where So = 1.20 X lo-* is 2.303 times the rate con- 
stant k = k. (minutes-') for the growth of E. cola in 
the absence of tetracycline, D = 0. The specific rate 
constant for tetracycline concentration effect is 

K = 4.81 X 10-2 
At Si = 0 or less, after an initial period of reason- 

able linearity, a nonlinear relationship develops be- 
tween log viables and time. This could be due to 
consumption or degradation of antibiotic, develop- 
ment of resistant organisms, and/or the presence of 
antibiotic-resistant strains in the original culture. 

The rate of change of viable organisms with time 
may be a function of the growth rate and the 
antibiotic concentration (4) 
1/2.303 ( d X / d l )  = S i x  = (So - KDn)X (Eq. 5) 
which integrates to Eq. 3. Consequently, the ap- 
parent first-order growth rate to E.  coli in the pres- 
ence of tetracycline may be explained on the assump- 
tion that the rate constant, So, characterizing growth, 
is in competition with the removal of viable micro- 
organisms. This removal is caused by a rate deter- 
mining attack of antibiotic molecules on the micro- 
organism. The dependence of the slope Si on the 
first power of the antibiotic concentration (Fig. 4) for 
S; > 0 implies that n = 1 in Eq. 5, and that one 
microorganism may be inactivated by one molecule 
of antibiotic. 

One may conclude from Eq. 4 that if the rate de- 
pendency on a power n of antibiotic concentration is 
permitted 

log (So - Si) = n log D + log K (Eq. 6) 
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Fig. 4.-Effect of tetra- 
I - ’  cycline concentrations 

upon apparent first-order 
rate constant (Si) for the 
growth of E. coli. 

d C  

\ 
01 0 2  

ANTIBIOTIC CONCN., rncg./ml. 

A plot of log (So  - Si) against log D should be linear 
and of slope positive n. Figure 5 shows that for 
tetracycline the decrease in growth rate with in- 
creased antibiotic concentration is a function of the 
first power of tetracycline concentration (n = 1) for 
Si > 0. A t  concentrations of tetracycline suffi- 
ciently high to  cause a reduction in the logarithm of 
colony count with time, the initial rates of “kill” are 
dependent on a fractional power of the antibiotic 
concentration. Estimates from Fig. 5 for log 
( S o  - Si) > log So; Si < 0 indicate that the rate 
dependence for “kill” is to the one-third power of 
antibiotic concentration. These two relationships 
for Si > 0 and Si < 0 have been reproduced by sev- 
eral replicate experiments made on different days. 

The results in Fig. 2 indicate that after an initial 
“kill” a t  the higher antibiotic concentrations. the 
multiplication of the remaining viable organisms was 
sufficient to overcome the net decrease in colony 
count. The transition from a negative to a positive 
slope in Fig. 2 for the 8 mcg./ml. of tetracycline 
study is an example. On this premise, the survivors 
of the lower antibiotic concentrations (in the tetra- 
cycline concentration range that reduced the total 

t /  

Fig. 5.-Re- 
lationship be- 
tween log (& 
- Si) and log 
concentration 
of tetracycline 
for E. coli. So 
and Si are ap- 
parent growth 
rate constants 
in the absence 
and in the 
presence, re- 
spectively, of 
ith concentra- 
tions of anti- 
biotic. 

-0  0 0 8  

LOGARITHM OF ANTIBIOTIC CONCN., rncg./ml. 

number of viables) multiplied at slower rates than the 
survivors at the higher concentrations. The 
bacteria that survived concentrations of 4 and 8 
mcg./ml. of tetracycline reproduced a t  rates ap- 
proximately the same as those of cultures without 
antibiotic. The possible implications have been 
previously discussed, and experiments are in prog- 
ress to evaluate the possible alternative explanations. 
A recent experiment with culture containing 8 mcg./- 
ml. of tetracycline has shown more conclusively 
that the rate of growth of these survivors is not 
significantly di5erent from that for an initial 
inoculum in the absence of antibiotic. 
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