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The relationship between specific growth rate of Escherichia coli and the con-
centration of limiting nutrient (glucose or phosphate or tryptophan) has been deter-
mined for populations in a steady state. At high concentrations the specific growth
rate is independent of the concentration of nutrient, but at low concentrations the
specific growth rate is a strong function of the nutrient concentration. Such a rela-
tionship was predicted by Monod; however, Monod’s equation does not predict the
relationship over the entire range of nutrient concentration. If parameters of the
equation are estimated from the results obtained at low concentrations, then at high
concentrations of nutrient, the specific growth rate is significantly higher than that
predicted by Monod’s equation. These results were interpreted on the basis that the
rate of growth is controlled by at least two parallel reactions and that the affinities of
the enzymes catalyzing these reactions are different. The relationship between
specific growth rate and mean cell volume was also measured, and the results indi-
cate that mean cell volume depends not only on the specific growth rate but also on
the nature of the limiting nutrient. There are different mean cell volumes at the
same specific growth rate established by different limiting nutrients. Therefore, the
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mean cell volume is not uniquely determined by the specific growth rate.

It is common experience that a bacterial cul-
ture, growing in a medium in which one nutrient
limits the final crop, grows at a constant specific
rate (exponentially) until just before growth ceases
from exhaustion of the limiting nutrient. This
observation implies that, over a wide range of
concentration of nutrient, the specific growth
rate is independent of the concentration of nu-
trient; only after the concentration is greatly
reduced does the specific growth rate decrease.
One can estimate the relationship between spe-
cific growth rate and nutrient concentration by
measurements on the culture during the short
interval over which the specific growth rate de-
clines from its maximal value to zero (8, 9, 23,
24). Such an estimate is necessarily imprecise.
The condition of the culture is certainly not a
steady state; both nutrient concentration and
specific growth rate are changing rapidly,
making estimates difficult.

Continuous culture, at least in principle, per-
mits the establishment of a steady state at a
submaximal specific growth rate. If fresh me-
dium dilutes the culture at a specific rate less
than the maximal specific growth rate and if the
population density stabilizes at some non-zero
value, the specific growth rate must equal the

specific dilution rate. Measurement of the con-
centration of the limiting nutrient in the culture
establishes the desired relationship (6, 16, 25).

We have chosen the alternative of preparing
media with the concentration of one nutrient suf-
ficiently low such that the specific growth rate is
initially submaximal, and maintaining by peri-
odic transfer a bacterial population sufficiently
dilute such that the initial concentration of nu-
trient does not change significantly before
transfer. In contrast with continuous culture, this
design permits establishment of a steady state at
a known concentration not only of the limiting
nutrient but also of all other nutrients. In this
design, the change in composition of the medium
resulting from growth can be made as small as
one wishes by restricting the population density.

The low population density required for these
experiments cannot be measured by turbidimetry
or nephalometry but can be measured easily by
counting. Conductometric measurement of cells
not only permits rapid counting but also gives
the distribution of volumes of the cells. The con-
stancy of the volume distribution and of specific
growth rate are useful tests of a steady state.

The experimental results to be presented pro-
vide a test of the relationship inferred by Monod
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(23, 24) by analogy with enzyme kinetics;
namely,

k(c) = kmnx/(l + K./C) (l)

in which k(c) is the specific growth rate at a par-
ticular concentration, ¢, of limiting nutrient; k.,
is the maximal value of specific growth rate at
large values of ¢; K, is a parameter analogous to
the Michaelis-Menten constant, which is called
the substrate constant.

MATERIALS AND METHODS

Bacterial straims. Escherichia coli strain ML30 was
used throughout this investigation. The original strain
of E. coli ML30 was obtained from J. Monod, Institute
Pasteur, and has been lyophilized and stored in the cul-
ture collection of the Department of Bacteriology. This
strain was cultivated for 2 months in continuous expo-
nential growth at low density by periodic transfer in
glucose minimal medium, after which cultivation a
clone was isolated as a colony on a plate of eosin-
methylene blue-lactose agar. The isolate (29) which has
been designated strain ML30G (““G” denoting long cul-
tivation in glucose minimal medium), was kept on
slants of the same medium.

A tryptophan-requiring mutant, strain TS-701, was
obtained by mutagenesis of E. coli ML30G with N-
methyl-V'-nitro-N-nitrosoguanidine (1). Strain TS701
with excess tryptophan has a specific growth rate of
0.75 hr-! and a mean cell volume of 1.04 um?®. The
mutant is identical in these respects to its parental
strain, ML30G.

Media and cultivation: standard basal medium.
Standard basal medium had the following composition
per liter: KCl, 1.0 g; KH,PO,, 4.2 g; FeSO,-7H.0,
0.0005 g; CaCl,, 0.01 g; MgCl,-6H,0, 0.2 g; NH Cl,
0.8 g; Na,SO,, 0.2 g; K,HPO,, 8.5 g.

Phosphate-deficient basal medium. To examine the
effect of the phosphate concentration on the kinetics of
growth, it was necessary to change the composition of
the basal medium. Many recipes, differing with respect
to ionic strength and buffer systems, were tested. The
recipe which was used in the investigation of the effect
of phosphate concentration on the kinetics of growth
was as follows: KCl, 7.46 g; FeSO,-7H,0, 0.0005 g;
CaCl,, 0.01 g; MgCl;-6H;0, 0.2 g; NH,Cl, 0.8 g;
Na,SO,, 0.2 g. The filtration and sterilization of this
medium was similar to that of the standard basal me-
dium.

The following procedure was used to free the basal
medium of small particles which interfere with elec-
tronic counting and sizing of dilute populations. The
medium was filtered immediately after preparation
through a membrane filter (type GS, Millipore Corp.,
Bedford, Mass.) with 0.45-um average pore diameter
(APD) and was heated at 121 C for 30 min. When it
cooled, the medium was filtered twice through a
0.22-um APD membrane filter, and 50-ml portions
were distributed aseptically into 250-ml sterile Erlen-
meyer flasks. The sterile flasks were covered with
aluminum foil rather than cotton plugs to avoid con-
tamination by particles and were stored in an incubator
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room at 30 C.

Minimal medium. Minimal medium is composed of
basal medium (standard or phosphate-deficient basal
medium) and glucose. For strain TS-701, the minimal
medium also contained tryptophan. The specific growth
rate was varied by changing the concentration of one of
the following substrates: glucose, phosphate, or trypto-
phan.

Solutions of all supplements except tryptophan were
sterilized by heating at 121 C for 20 min and filtering
immediately before use through a 0.22-um APD mem-
brane filter; the solution of tryptophan was sterilized
by filtration only.

Organic-free distilled water. Obviously, it is neces-
sary to reduce as low as possible the contamination of
the basal medium by the nutrient under study. For the
carbon source this proved particularly difficult. That E.
coli can grow in a basal salts solution without an
overtly added carbon source has been reported (3, 27)
and is easily demonstrable; the final population density
is approximately 10° cells/ml. This growth results from
contamination by organic material of utensils, water,
air, and filters, and, to a lesser extent, the inorganic
ingredients of the medium.

Tap distilled water was the main source of organic
contamination. The water was distilled in glass from an
alkaline solution of permanganate, and this distillate
was redistilled in glass from 5% sulfuric acid. This pro-
cedure removed the organic nutrients from the water.

Soluble organic compounds, some of which may
serve as nutrients for enteric bacteria (19), were re-
moved from the membrane filters by thorough washing
of the filters with hot water.

Glassware was cooked (at least 60 C) overnight in
sulfuric acid saturated with sodium nitrate, washed
with redistilled water, and used immediately.

A control experiment to test these precautions dem-
onstrated that washed cells of E. coli ML30G (5 x 10°
cells/ml) did not increase in number in basal salt me-
dium prepared from the redistilled water.

With-these precautions, it is possible to measure the
kinetics of growth at low concentrations of the carbon
source, as low as 10-7 M glucose.

Measurements of cell number and cell volume. The
cultures were grown in Erlenmeyer flasks incubated on
a shaker at 30 C. Samples (5 ml each) from cultures in
balanced growth (4, 26) at concentrations of less than
10¢ cells per ml were analyzed conductometricaily by
an electronic counter (13) with no fixation or dilution.
Fixation of cells was unnecessary, since, during the
short time (less than 2 min) needed for measurement,
no detectable change occurs in the cell size distribution
and fixation by a variety of chemicals produces an ob-
servable effect on cell size distribution (Marr and Hed-
den, unpublished data).

The multichannel scaling mode of the pulse height
analyzer in conjunction with an absolute lower discrim-
inator (13) was used to measure the number of cells per
milliliter. Several counts (five to eight) were taken of
each sample; the counts were corrected by a factor
obtained from an analysis of the measured size distri-
bution and appropriate to the discriminator setting (22).
The cell size distribution was measured in 1 min on
the same sample used to determine total count. These
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data were recorded immediately by punching paper
tape for subsequent analysis by computer.

The specific growth rate, k, per hour was computed
by linear regression of corrected counts according to
the following equation: log, N = kt + log, N,. N is
the number of cells per ml at time ¢, and N, is the
number of cells per milliliter at time zero.

RESULTS

Effect of glucose concentration on the specific
growth rate. A series of cultures which differed
from each other only with respect to the glucose
concentrations, which ranged from 0.1 to 1,000
uM, were inoculated from a steady-state culture
and were maintained in continuous exponential
growth at low density (less than 10° cells/ml) to
establish a steady state. At concentrations of
glucose greater than 50 uM, the specific growth
rate is not demonstrably dependent on the glu-
cose concentration (Fig. 1A). At concentrations
of glucose in the range of 5 to 50 uM, the specific
growth rate changed only slightly as the glucose
concentration was changed. The specific growth
rate is a strong function of the glucose concen-
tration only in the range of 0 to 5 uM glucose.

The lowest specific growth rate corresponding
to a well defined steady state was 0.155 hr~' at
0.1 uM glucose. It was difficult to maintain the
culture in a steady state at glucose concentra-
tions lower than 0.1 uM. At 0.01 gM, an initial
population of 10° cells/ml increased in number
by less than a factor of 2. At this concentration
of glucose, it is likely that the low rate of respi-
ration fails to meet the maintenance requirement
(20, 21).

As a test of equation 1, the reciprocal of spe-
cific growth rate was plotted against the recip-
rocal of glucose concentration in accord with the
linear transformation

1/k = (Ko/kmax) (1/€) + 1/kmax ()

It can be seen from Fig. 1B that the plot is
linear only over the lower range of glucose con-
centrations (0.1 to 10 uM). At higher glucose
concentrations, the function obviously departs
from linearity.

Effect of phosphate concemtration on the spe-
cific growth rate. With phosphate as the limiting
nutrient, it is customary to add an alternative
buffer system to the medium. Our experimental
results indicate that tris(hydroxymethyl)amino-
methane (Tris)buffer can be used only if the con-
centration of phosphate is greater than 10 mMm; at
concentrations of phosphate less than 10 mM, the
cells failed to initiate growth in Tris-containing
media.

Because of the use of dilute populations, it is
readily calculated that the reduced concentration
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of phosphate is still an adequate buffer system.
Phosphate-deficient basal medium, containing
125 mM KCl as the major component of ionic
strength, was used. The corresponding minimal
medium contained 1 mM glucose.

Figure 2A shows the effect on specific growth
rate of limiting phosphate (0.02 to 100 mM; NaH
PO, H,O + Na,HPO,; pH 7.4); over a wide
range, the specific growth rate is almost inde-
pendent of the phosphate concentration. For
example, at 1.0 mM phosphate or higher, there is
little or no demonstrable effect of phosphate
concentration on the specific growth rate. How-
ever, as the concentration of phosphate is re-
duced below 0.5 mM, the specific growth rate
becomes strongly dependent on phosphate con-
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F1G. 1. Specific growth rate of Escherichia coli
ML30G in balanced growth at 30 C in minimal media
containing different concentrations of glucose as a sole
carbon source. The specific growth rate was determined
by electronic counting of cells at intervals. The popula-
tion was maintained at less than 10° cells per ml by
periodic dilution of the culture. The solid lines were
computed from equation 4 by using the parameters in
Table 1. A, The ordinate is specific growth rate per
hour, and the abscissa is glucose concentration in uM.
B, The ordinate is the reciprocal of specific growth
rate, and the abscissa is the reciprocal of glucose con-
centration.
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centration. .

The reciprocal of specific growth rate was
plotted as a function of the reciprocal of phos-
phate concentration according to equation 2.
Figure 2B shows the relationship is linear only at
low concentrations.

Effect of amino acid concentration on the spe-
cific growth rate. A series of media, containing 1
mM glucose and differing from each other only
with respect to the tryptophan concentration
(ranging from 0.02 to 1,000 uM), were inoculated
with E. coli TS-701; the cultures were main-
tained in continuous exponential growth by peri-
odic dilution until the steady state was well es-
tablished.

At high concentrations of tryptophan, the spe-
cific growth rate is independent of the amino
acid concentration (Fig. 3A). However, at con-
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F1G. 2. Specific growth rate of Escherichia coli
ML30G in balanced growth at 30 C in minimal media
containing different concentrations of phosphate. The
population was maintained at less than 10° cells per ml
by periodic dilution of the culture. The solid lines were
computed from equation 4 using parameters in Table
1. A, The ordinate is specific growth rate per hour, and
the abscissa is phosphate concentration in mm. B, The
ordinate is the reciprocal of specific growth rate, and
the abscissa is the reciprocal of phosphate concentra-
tion.

213

centrations below 1 uM, the specific growth rate
is a strong function of the tryptophan concentra-
tion.

The reciprocal of specific growth rate was
plotted as a function of the reciprocal of trypto-
phan concentration (Fig. 3B). This analysis gave
results comparable to those obtained with glu-
cose or phosphate as the limiting nutrient.

Effect of nutrient concentration on cell volume.
Figure 4 shows a plot of mean cell volume (of
cultures growing in steady states at different glu-
cose concentrations) as a function of the specific
growth rate, governed by the glucose concentra-
tion in the medium. As the growth rate increased
by increasing the concentration of glucose, the
mean cell volume increased. The mean cell
volume is not an exponential function of the
growth rate. Rather, the relationship between
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F1G. 3. Specific growth rate of Escherichia coli TS-
701 in balanced growth at 30 C in minimal medium con-
taining different concentrations of tryptophan. The
population was maintained at less than 10° cells per ml
by periodic dilution of the culture. The solid lines were
computed from equation 4 using parameters in Table
1. A, The ordinate is specific growth rate per hour, and
the abscissa is tryptophan concentration in uMm. B, The
ordinate is the reciprocal of specific growth rate, and
the abscissa is the reciprocal of tryptophan concentra-
tion.
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F1G. 4. Mean cell volume of E. coli ML30G in min-
imal medium at 30 C as a function of specific growth
rate, limited by glucose concentration. The ordinate is
mean cell volume in cubic micrometers, and the ab-
scissa is specific growth rate per hour. The solid line was
computed from equation 3.

mean cell volume and specific growth rate is
empirically predicted by the following equation

V = 1.2k* + 0.49 3)

in which ¥ represents the mean cell volume in
cubic micrometers and k represents the specific
growth rate per hour.

The relationship between mean cell volume
and specific growth rate governed by tryptophan
or phosphate concentration is more complex.
Figure 5 shows a plot of mean cell volume as a
function of the specific growth rate governed by
the concentration of tryptophan. As the specific
growth rate increases, the mean cell volume in-
creases to a maximal value of 1.38 um?® and then
decreases. The relationship between the mean
cell volume and the specific growth rate, governed
by phosphate concentration, was similar to that
obtained with tryptophan as the limiting nu-
trient.

DISCUSSION

Our results show that, at quite low nutrient
concentrations (glucose, phosphate, or trypto-
phan), the specific growth rate is directly propor-
tional to the concentration. At such low concen-
trations, the results agree with Monod’s equation
(equation 1). However, at high substrate concen-
trations, the results depart from the prediction of
this equation.

It is possible that the rate of growth is con-
trolled by parallel processes and that the affini-
ties of the enzymes catalyzing these processes are
different. At low substrate concentration, only
the enzyme with the highest affinity will con-
tribute significantly to the rate of reaction. How-
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F1G. 5. Mean cell volume of E. coli TS-701 in mini-
mal medium containing different concentrations of tryp-
tophan as a function of specific growth rate. The ordi-
nate is mean cell volume in cubic micrometers, and the
abscissa is specific growth rate per hour. The specific
growth rate was governed by the tryptophan concentra-
tion in the medium. Open and closed circles represent
different experiments.

ever, at high substrate concentration, other enzy-
matic systems will contribute. Therefore, equa-
tion 1 does not describe the function over the
entire range of substrate concentration. To de-
scribe the results over a wide range of substrate
concentration, the equation can be modified to
the following

k) = Zi-1 [a/(1 + Ky/0)] C))

in which K| is the substrate constant for the ith
reaction and a, is the contribution of the ith reac-
tion to the maximal specific growth rate, such
that

kmax =2, a,
Other terms are as in equation 1.

For the case of n = 2, the values of a, and K,
were computed from the slope and intercept of
the linear portion of the plot of the reciprocal of
specific growth rate as a function of the recip-
rocal of the concentration of nutrient. The value
of a, was computed from a, = k., — a,, and
the value of K, was estimated by recursive nu-
merical solution of equation 4 by digital com-
puter to give the apparent best fit to the experi-
mental points. These values are given in Table 1.
The solid lines shown in Figures 1-3 were com-
puted from equation 4 using the values of param-
eters in Table 1. The agreement between the pre-
diction and the experimental results is adequate.

This analysis suggests that the rate of growth
is determined by at least two reactions. The most
likely candidates for these reactions are specific
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TABLE 1. Parameters of the effect of nutrient
concentration on growth rate of Escherichia coli

Parameters®
Nutrient
a,(ht') K,(uM) a;(hr) K (um)
Glucose 0.031 70 0.775 0.378
Phosphate 0.075 4,500 0.694 17.35
Tryptophan | 0.185 60 0.556 0.034

@ Parameters of equation 4 estimated from data in
) q
Fig. 1 to 3.

entry mechanisms. Ames (2) reported two dif-
ferent K, values (depending on the concentration
of the amino acids in the medium) corresponding
to two systems for amino acid uptake: a specific
permease for each aromatic amino acid with
high affinity (10-7 M) and a nonspecific permease
with low affinity (10~° M). Wargel et al. (30)
found at least two transport systems for D-ala-
nine, glycine, and D-cycloserine in E. coli. Our
data are consistent with similar dual transport
systems for glucose, phosphate, and tryptophan
in E. coli ML30G.

Schaechter et al. (28) showed a systematic var-
iation in the mean size of the cells from cultures
of Salmonella typhimurium in balanced growth,
and suggested that the mean size of cells might
be determined uniquely by the specific growth
rate. However, our results indicate that mean cell
volume depends not only on the specific growth
rate but also on the nature of the limiting nu-
trient. If glucose is the limiting nutrient, the
mean cell volume is a monotonically increasing
function of specific growth rate but is not an
exponential function as has been suggested by
others (11, 15, 18, 28). If phosphate or trypto-
phan is the limiting nutrient, the relationship is
not monotonic; the mean cell volume has a max-
imal value at specific growth rates of approxi-
mately 0.68 hr~! and 0.43 hr~!' for phosphate
and tryptophan, respectively. The results show
different mean cell volumes at the same specific
growth rate established by different limiting nu-
trients; thus, in agreement with the results of
others (10, 11, 15) we conclude that mean cell
volume is not uniquely determined by specific
growth rate.

The change in mean cell volume with a change
in specific growth rate is not understood. It has
been shown that, if the growth rate is limited by
the nitrogen source, the cells are enlarged, pre-
sumably as a result of accumulation of polysac-
charide (10-12, 17, 31). It is unlikely that such
accumulation can explain a maximal mean
volume at intermediate growth rates.

If the specific growth rate of a culture of E.
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coli is increased by enriching minimal medium
with supplements, the cells are larger, have in-
creased amounts of deoxyribonucleic acid (DNA;
18, 28), and have multiple points of DNA repli-
cation (14). The phasing of successive rounds of
DNA replication appears to be the mechanism of
accommodating an essentially constant rate of
DNA synthesis per growing point to differing
growth rates (7). The replication of DNA also
controls, in some manner, cell division (5); thus,
the phasing of successive rounds of replication
may be responsible for altering the mean cell
volume. It would be of interest to examine the
pattern of DNA replication at low specific
growth rates to determine whether that pattern is
related to the variations in mean cell volume.
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