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Detailed comparison of growth kinetics at temperatures below and above the optimal temperature was
carried out with Escherichia coli ML 30 (DSM 1329) in continuous culture. The culture was grown with glucose
as the sole limiting source of carbon and energy (100 mg liter ! in feed medium), and the resulting steady-state
concentrations of glucose were measured as a function of the dilution rate at 17.4, 28.4, 37, and 40°C. The
experimental data could not be described by the conventional Monod equation over the entire temperature
range, but an extended form of the Monod model [ = p,,,.. * (§ — Spin)/ (K, + 5§ — S, ], Which predicts a
finite substrate concentration at 0 growth rate (s,,;,), provided a good fit. The two parameters w ., and s,.;,
were temperature dependent, whereas, surprisingly, fitting the model to the experimental data yielded virtually
identical K, values (approximately 33 pg liter™") at all temperatures. A model that describes steady-state
glucose concentrations as a function of temperature at constant growth rates is presented. In similar exper-
iments with mixtures of glucose and galactose (1:1 mixture), the two sugars were utilized simultaneously at all
temperatures examined, and their steady-state concentrations were reduced compared with to growth with
either glucose or galactose alone. The results of laboratory-scale kinetic experiments are discussed with respect
to the concentrations observed in natural environments.

Knowledge concerning the influence of environmental fac-
tors such as temperature, pH, salinity, etc., on microbial
growth is of crucial practical importance in the control of
bioprocesses, for the safe handling of food (1, 2, 12, 50, 51), in
wastewater treatment (7), and in bioremediation (2). In addi-
tion, in taxonomy, cardinal temperatures for growth are key
characteristics of microbial strains (37).

In recent years, several models for predicting the growth rate
of microorganisms as a function of either temperature alone
(11, 13, 22, 31, 32, 52, 53) or of temperature in combination
with other factors have been proposed (1, 5, 20-22, 36, 50).
Surprisingly, few attempts at a better basic understanding have
been made to relate the rate of growth and actual substrate
concentration. This relationship is traditionally termed growth
kinetics (23, 30). (However, note that the same expression has
also been used for the description of the time courses of pop-
ulation densities [5].) The current lack of systematic data on
the influence of temperature on the kinetics of growth makes
the prediction of this effect difficult. Temperature modulation
of growth kinetics is to be expected, because both metabolism
and cellular composition are affected by cultivation tempera-
ture, as was demonstrated by the cellular fatty acid composi-
tion (16, 26, 41), the synthesis or degradation of certain pro-
teins (14, 15, 17, 20, 25), changes in protein activity (15, 35),
changes in maintenance requirements of cells (19, 27, 39, 42,
47), changes in end products of metabolism (17), and increases
in pigment formation (27).

Bacterial metabolism represents a network of reactions. Al-
though these individual biochemical reactions are temperature
dependent, the fundamental question of whether the parame-
ters used in growth kinetic models are temperature dependent
must be asked. To determine this, a detailed comparison of
growth kinetics at temperatures below and above the optimal
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temperature was carried out for Escherichia coli ML 30 culti-
vated in continuous culture with glucose and/or galactose. Such
investigations are possible only by using an extremely sensitive
method for measuring low concentrations of sugars (in micro-
grams per liter) in culture media (40). The objective of the
present study was to compare the experimentally established
relationships between growth rate and steady-state substrate
concentrations at different constant temperatures and to find
out whether the whole set of relationships can be described by
a simple mathematical model (Table 1 summarizes the nomen-
clature used throughout). Additionally, the effect of tempera-
ture on steady-state substrate concentrations at constant
growth rates (dilution rates in continuous culture) was studied.

Compendium of the models proposed in the literature. (i)
Conventional growth kinetics and models containing an s, ;,
term. Various mathematical models have been proposed to
quantitatively describe microbial growth kinetics. The Monod
model (equation 1) is considered the basic equation (23),
which has since been improved by including expressions for,
e.g., maintenance, diffusion, or transport limitation (29, 30, 45;
for detailed comparison, see reference 40). Microbial growth
kinetics in both batch and continuous culture have been inves-
tigated. Earlier experiments carried out in batch cultures
mostly relied on indirect methods, i.e., growth was measured,
whereas the substrate concentrations were not directly deter-
mined but were estimated by calculation. In contrast, when
growth kinetics in continuous culture were investigated, the
actual steady-state concentrations of the growth-limiting sub-
strate were determined as a function of the dilution rate. For
such an experimental setup, the s = f(D) form of the kinetic
model (equation 1) correctly expresses the variable depen-
dence, and not the p = f(s) form, in which the models were
originally reported (discussed in reference 40).

R 1
s=K. —p )

Monod’s original kinetic equation (equation 1) implies a sub-
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TABLE 1. Nomenclature

Symbol Definition Unit
a Specific maintenance rate (equations 3 and 5) h™!
A Parameter in Esener model (equation 9) h!
b Parameter in Ratkowsky model (equation 10) K 1s703
B Model parameter (equation 11) K? pg liter ™!
c Parameter in Ratkowsky model (equation 10) K!
C Model parameter (equation 11) K!
D Dilution rate (specific growth rate in chemostat) h™!
k;, k;, and k;, Rate constants ug liter ' h™!
2
or pg
liter 2> h™!
K Parameter in Esener model (equation 9)
K, Michaelis-Menten substrate saturation constant g liter™!
K, Substrate saturation constant ug liter ™!
n Number of steady states analyzed (here, number of experiments, not number of
datum points collected from a particular steady state)
(n—p) Number of degrees of freedom
R Gas constant kJ kg ! mol ™!
RR Relative residuals (equation 14) %
RSS (s) Residual sum of squares with respect to s (equation 13) pg? liter 2
s Steady-state substrate concn ug liter !
Simins Seains Smine a0 Spo Predicted substrate concentration at D = 0 h™! for different growth models pg liter™!
Sobss Mobs Experimentally established value (for s or w) ne lit]er’l or
Spred Value predicted by model equation (s or p) ng litler‘1 or
T Cultivation temperature Kor°C
Tinins Tope and Ty Minimum, optimum, and maximum temperatures, respectively Kor°C
X Parameter in Westerhoff model (equation 7) h™!
y Parameter in Westerhoff model (equation 7) h™!
AH,, AH, Enthalpy changes (in Esener model [equation 9]) kJ mol ™!
B Specific growth rate h™!
Mmax Maximum specific growth rate h!

strate concentration of 0 at a growth rate of 0 h™* (23). This
model represents a special case of a more general kinetic
expression (equation 2; Fig. 1), in which a term for a finite
substrate concentration, s = s,,;, at D = 0 h™", is incorporated.
When s.;, << s, S, becomes negligible, and equation 2
reduces to equation 1:

= K, b 2
s = sm+smin (2)

Expressions having a meaning similar to that of s,,,;,, (and noted

| 0.5 e

s(pgLh

D (h)

FIG. 1. Example of Monod model with apparent substrate term (equation 2)
indicating the model parameters.

here as Spin, Smin» and s,0) are implicitly also present in other
kinetic models (equations 3, 5, and 7). For instance, the orig-
inal relationship proposed in 1967 by Powell (30) can be easily
converted into an s = f(D) form (equation 3). The first part of
this expression is identical to the Monod model (equation 1),
and to this a dilution rate-dependent s,;, term (equation 4) is
added:

gk P g 3
5= SMmax_D S“’max_D ()
* a
mln - I(Yp“max D’
h D=0hls . =K ° 4
ence atD = »Smin = . “)

F

In contrast to equation 2, s,,,;,, in equation 4 is dependent on D.
In this model, the contribution of s,,;, to the steady-state sub-
strate concentrations at high dilution rates is usually negligible,
and s, ;. becomes important at growth rates near 0. Essentially,
it can be also assumed that the s, ;, term is not dependent on
the dilution rate (equation 2).

In another analysis of microbial growth, van Uden (45) in
1967 followed up Pirt’s original 1965 proposal (28, 29) that
only the overall growth rate is reduced by the maintenance rate
a (in its s form [equation 5]). The resulting substrate concen-
tration at D = 0 h™! is shown in equation 6:

K (@ + D)

5= (“’max - D - a) (5)
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EE a

Smin = g — a0 ©)
While all of the previous relationships are extensions of the
Monod-type kinetics, a fundamentally different model, based
on nonequilibrium thermodynamics, was proposed by Wester-
hoff and coworkers in 1982 (48). This logarithmic expression
[exponential in s = (D) form; equation 7] also predicts at D =
0 h™! a positive substrate concentration (equation 8):

s = exp(?) (7)

R X
Smin = exp( —;}) (8)

(ii) Steady-state substrate concentrations versus tempera-
ture at various growth rates. Because the effect of temperature
on steady-state substrate concentrations has not yet been stud-
ied systematically, there is no mathematical description of this
relationship. Assuming a link between . and s, we here suggest
using a modification of a model which was developed previ-
ously to describe the temperature dependence of the maximum
specific growth rate. This suggestion follows the approach
taken by McMeekin et al. (22), who proposed that the simple
Ratkowsky model [i.e., . = f(T) (equation 10)] might be ex-
tended for any set of restricting conditions involving temper-
ature as one of the factors.

Several unsegregated and unstructured phenomenological
models (11, 12, 31, 32, 37) have been proposed both to predict
the cardinal temperatures and to describe bacterial growth in
batch cultures within the growth-permissible temperature
range. It has been shown (see, e.g., reference 31) that within
this temperature range W, follows a bell-shaped curve, which
has a maximum at the optimum growth temperature (7). In
the master reaction model proposed by Esener (11) (equation
9), kmax asymptotically approaches the abscissa at both the
maximum (7,,,) and minimum (7,;,,) growth temperatures:

4 exp( — AH,/RT) 9
Hmas = 17+ K exp( — AHyRT) ©)

In contrast, the square root model proposed by Ratkowsky et
al. (31) (equation 10) is defined for T,;, < T > T, .. out of
this range . is 0:

\/m = b(T - Tmin){l - eXP[C(T - Tmax)]} (10)

In continuous culture, 7,;, and T,,,, can be determined for
each particular dilution rate, e.g., by washout experiments or
from the T = f(p,.) relationship. In this contribution, we
were primarily interested in how well the minimum and max-
imum temperatures for growth at particular dilution rates can
be predicted, not in the model structure.

For the s = f(7) model, we assumed that steady-state sub-
strate concentrations are reciprocally proportional to the
square of the temperature, i.e., the square root of the concen-
tration is reciprocally proportional to the temperature. This
assumption can be justified in the following way. Under opti-
mum conditions, a microbial cell grows with the highest pos-
sible w and, therefore, a cell’s overall metabolic efficacy should
also be at its optimum. This implies that close to T, the
lowest steady-state substrate concentrations should be ex-
pected at a particular growth rate, in the same way as the
highest .. is reached at T, .. This assumption provides a link
between the square root model (equation 10) and the steady-
state substrate concentration model (equation 11). For these
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reasons, we propose to describe the s versus 7T relationship
(equation 11) by a reciprocal form of the maximum specific
growth rate versus temperature relationship (equation 10):

B
T (T = Ty {1 = exp[C(T — Tpu)]? (11)

where the units of C are identical to those of ¢ from the
Ratkowsky model (equation 10) and the parameter B is related
to b from the Ratkowsky model according to equation 12:

1

B =y (12)

Since the two regression coefficients (B and C) vary with the
dilution rate, it is possible to simply extend equation 11 by
introducing terms to describe variations in B (or b) and C with
the growth rate in the chemostat, as determined from experi-
mental data (e.g., see Fig. 7). Additionally, it should be pointed
out that in theory, T,,, and T, used in equation 11 are
equivocally defined because they can be understood as either
constant properties of a given strain and medium composition
(e.g., its cardinal temperatures) or as variables changing with
the dilution rate.

MATERIALS AND METHODS

Organism, medium, and culture conditions. E. coli ML 30 (DSM 1329) was
grown in mineral medium (40) supplemented either with glucose (100 mg liter
in chemostat; 500 mg liter ! in batch culture) or with a mixture of glucose and
galactose (each 50 mg liter ! in chemostat) as the only sources of carbon and
energy. The bioreactor (MBR, Wetzikon, Switzerland), provided with both pH
(7.00 = 0.05) and temperature (*=0.1°C) control, was operated in chemostatic
mode with a working volume of 1.5 liters. The impeller speed control was set at
1,000 min~!, and the oxygen saturation was >90% air saturation. The bioreac-
tors were regularly checked for wall growth to avoid artifacts as reported by Pirt
(29).

Maximum specific growth rates (p,,,.). max rates were determined in batch
cultures at different temperatures. The cells used as an inoculum were pregrown
exponentially for more than 50 generations at the particular temperature. At
least duplicate measurements were made at each temperature. The standard
deviation obtained for ., was reproducibly = 0.05 h™%.

Steady-state substrate concentrations. Steady-state concentrations of glucose
and/or galactose were determined in continuous culture during independent
chemostat runs, either as a function of the dilution rate at constant temperatures
(17.4, 28.4, 37, and 40°C) or as a function of temperature at constant dilution
rates (0.2, 0.3, 0.4, and 0.5 h™"). At each temperature, the continuous cultivation
was restricted either by the critical dilution rate below which the organism was
able to grow without washing out or by wall growth. The entire temperature
range within which the organism was able to grow in the chemostat at a particular
D (i.e., pmax = D) was extrapolated from batch data (for an explanation, see Fig.
2).

Individual steady-state concentrations of glucose or galactose represent the
means of approximately 10 measurements determined over a time period of
more than 40 generations after the culture had reached steady state with respect
to glucose (galactose) concentration. The standard deviations of these values
were between *5% to *10%, and for clarity they are not given in all figures
presented. The sugar analysis has been described in detail elsewhere (40).

Data processing. The models were fitted to the experimental data by nonlinear
regression (33, 34). The minimum of the least-squares criterion (residual sum of
squares [RSS]) (equation 13) was computed with a Simplex algorithm:

RSS(s) = Z(sobs — Sprtd)z (13)

Initial estimates of the model parameters were required, because the structural
correlation between parameters made their estimation otherwise difficult. Start-
ing values were chosen from the best extrapolations of the experimental data by
exponential and/or polynomial functions.

The quality of the fits was evaluated by standard tools, such as comparing the
variance, applying the X criterion, or, for the discrimination of competing mod-
els, the F test (4), or by analyzing the linear regression between the measured and
predicted substrate concentrations. Statistical validation was best visible in plots
of relative residuals (equation 14, e.g., Fig. 3):

S, — Spre
RR = = "¢ 5 100 (14)

Sobs
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FIG. 2. Experimentally determined and predicted steady-state glucose concentrations (with the extended Monod model [equation 2]) for growth of E. coli ML 30
in glucose-limited chemostat cultures at 17.4, 28.4, 37, and 40°C, as a function of dilution (growth) rate. (A) Bars, steady-state substrate concentrations (height indicates
standard deviation [approximately 10%)] of the steady-state glucose concentrations estimated as an average of approximately 10 measurements; the horizontal
extensions of the bars give the approximate variations in D); lines, predictions of steady-state glucose concentrations by different models. (B and C) open circles, data
from Senn et al. (40); closed circles and triangles, own steady-state glucose measurements; lines, best fit of equation 2.

RESULTS

Temperature dependence of growth Kinetics. The kinetics of
growth of E. coli ML 30 [i.e., the s = f(D) relationship] was
investigated at four different temperatures (17.4, 28.4, 37, and
40°C, respectively) both above and below the optimum growth
temperature (Fig. 2).

For growth at 40°C, the steady-state glucose concentrations
were measured as a function of D during three independent
glucose-limited chemostat runs. This cultivation temperature
was slightly higher than the calculated optimum growth tem-
perature (T,,, = 38.7°C) of E. coli ML 30 growing unrestricted
in this medium in batch culture (Table 2). The glucose con-
centrations measured at low and moderate dilution rates (up to
approximately 0.35 h™!) were distinctly enhanced compared
with the previously reported growth kinetic data at 37°C (40)
(Fig. 2). Nevertheless, as judged by Student’s ¢ test, the two
max Values estimated by fitting equation 2 to the data at 37°C

TABLE 2. Comparison of the Ratkowsky and Esener models
describing dependence of maximum specific growth rate of E. coli
on temperature with data experimentally obtained in batch cultures”

Variable U Ratkowsky Esener

model value model value

A h! (422 = 0.35) 10!

K h! (8.07 = 0.11) 10%

AH, kJ mol ! 68.9 £ 6.2

AH, kJ mol ™! 300.6 = 254

b K th™0s (2.76 = 0.25) 1072

c K! 1.12 = 0.10

Tin K 275703

T max K 3152 0.2

Topt K 311.9 = 0.2* 311.4 = 0.2*

Pmax h™! 0.95 = 0.05* 0.92 £ 0.05*

RSS/(n — p) h—2 251074 471072

“Values of the model parameters (equations 9 and 10), optimum growth
temperatures, and statistical parameters were computed for the batch culture
data. *, value calculated from the best-fit parameters.

(0.76 = 0.01) and 40°C (0.74 = 0.01) were not significantly
different (Fig. 2).

In contrast to the predictions made by the Monod model
(equation 1), these results clearly demonstrate that the steady-
state glucose concentrations of the limiting-substrate glucose
did not approach 0. Therefore, the quality of the fit of various
mathematical models (equations 2, 5, and 7), which contain
implicitly a finite substrate concentration at D = 0 h™*, and of
the original Monod model (equation 1) was compared with
experimentally obtained data (Fig. 2). The quality of the fit of
these models (expressed as means of relative residuals [equa-
tion 14]) was compared with the theoretical measurement er-
ror of £10% (Fig. 3). It is obvious that three of the models
(equations 2, 5, and 7) exhibited a systematic deviation from
the glucose concentrations measured at low dilution rates. The
model proposed by Westerhoff (equation 7) could not be suc-
cessfully fitted to this type of experimental data by the applied
minimizing procedure. Only the model, which contains an ap-
parent substrate term (equation 2), exhibited a random distri-
bution of the relative residuals. The mean estimation error for
this model (6.7%) was in the same order of magnitude as the
measurement errors (10%) and was considerably lower than
the mean estimation errors obtained for the other three mod-
els (26.8, 20.9, and 23.2% for equations 2, 5, and 7, respective-
ly).
The data at 37, 28.4, and 17.4°C were used to test the validity
of equation 2. In Fig. 2, the fits to data from different temper-
atures are given and the measured steady-state glucose con-
centrations are compared with predicted curves. It should be
pointed out that at 37°C, only data up to D = 0.71 h™!' were
used because data at higher dilution rates can be easily affected
by experimental artifacts (40). The excellent correlation be-
tween the measured steady-state glucose concentrations and
predicted values at all experimental temperatures (Fig. 4) con-
firms the utility of the model containing s,,;,. The model pa-
rameters computed for equation 2 from experimental data
measured at four different temperatures are collected in Table
3. Interestingly, the K| values did not vary with temperature,
whereas the two parameters p,,,, and s,;, were temperature

min
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FIG. 3. Relative residuals for the fits of four different kinetic models to experimentally determined steady-state glucose concentrations during growth of E. coli at
40°C. Hatched areas, a systematic underestimation of steady-state glucose concentrations; dashed lines, 10% deviation from experimental steady-state glucose

concentrations.

dependent. K, remained constant at approximately 33 pg li-
ter !, which is approximately 1/3 of the value obtained when
the original Monod model (equation 1) was fitted to the data
(40). The .. values estimated in chemostat culture were
generally some 15% lower than those measured under sub-
strate excess conditions in batch culture (Fig. 5a); this phe-
nomenon has also been observed in another study (40). Inter-
estingly, the increase in w,,,, values at temperatures lower than
the T, is more pronounced than their decrease at the super-
optimal range. An inverse pattern was observed for s,,;.. The

800
Sprea= 0-99 Syt 2.5
600 + correlation coefficient 0.99
o
2 w0
i
o
(%)

A 17.4°C
A 28.4°C
0 37°C
® 40°C

200

|

0 200 400 600 800
-1

Sobs (I‘lg L )

FIG. 4. Correlation between measured and predicted steady-state glucose
concentrations by the extended Monod model (equation 2). Line, the calculated
regression line for all pairs of s, and speq values for the temperatures of 17.4,
28.4, 37, and 40°C.

computed values (Table 3) indicate a slight increase in s,,;,
with decreasing temperatures and a steep increase at temper-
atures higher than the T,

Modelling substrate concentration as a function of temper-
ature. Glucose steady-state concentration as a function of cul-
tivation temperature was measured for growth of E. coli at a
constant dilution rate of 0.3 h™! (Fig. 6). The observed parab-
ola-like relationship can be described by equation 11, which is
a modification of the Ratkowsky model (equation 10) com-
monly used to predict the temperature dependency of the
maximum specific growth rate. Unfortunately, the original
model contains four parameters, Ty, Tmax ¢, and b. However,
the number of parameters in equation 11 could be reduced to
two, assuming that 7, ;, and T, are either the cardinal tem-
peratures for growth (predicted by equation 10) or that T,
and T,,,, represent the temperature boundaries within which
growth is possible at a particular dilution rate. Therefore, the
maximum specific growth rate was determined in batch culture
at different temperatures, and the bell-shaped curve in Fig. 5
indicates the temperature boundaries within which growth is
possible at a particular dilution rate in continuous culture. By
using these temperature boundaries, the experimental data at
D = 0.3 h™! could be described by an almost symmetrical

TABLE 3. Values of the best-fit parameters of the apparent
substrate model”

Temp K, B _RSS_
(O (ngliter ) b (nglier ) (- p)

17.4 333+42 0.185 = 0.02 22+ 2 7,503.2 4
28.4 333+33 0.54 = 0.01 18 +2 302.6 11
37 328 3.2 0.76 = 0.01 122 8,122.8 23
40 33.6*+1.5 0.74 = 0.01 64 =8 161.8 15

“ Values were obtained from fitting equation 2 to steady-state glucose con-
centrations experimentally determined during growth of E. coli at the tempera-
tures indicated as a function of the dilution rate.
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FIG. 5. Temperature dependency of specific growth rate of E. coli ML 30
grown in mineral medium with glucose. (a) p,., as a function of temperature.
Closed circles, experimental data from batch cultures; open circles, maximum
specific growth rates calculated from chemostat data; curve 1, predictions by the
Esener model (equation 9); curve 2, predictions by the Ratkowsky model (equa-
tion 10); dashed line, predictions of growth rates in continuous culture by the
Ratkowsky model; arrow, the temperature boundary within which growth is
possible at D = 0.3 h™ L. (b) Relative residuals (RR [equation 14]) for the two fits
of batch culture data. Hatched areas, areas in which the model predictions of the
Ratkowsky (right area) and the Esener (right and left areas) equations did not
hold; open rectangles, relative residuals of the Ratkowsky model; closed rectan-
gles, relative residuals of the Esener model; dashed line, isoline of 0.05 h™!
standard deviation of experimental measurements.

parabola-like curve (Fig. 6). In contrast, using the cardinal
temperatures from Table 2 did not lead to a good prediction of
the substrate concentrations at lower temperatures (Fig. 6).

As mentioned above, the temperature range at a particular
growth rate within which growth in the chemostat is possible
(the experimentally accessible range lies below the bell-shaped
curve in Fig. 5a) had to be determined in order to obtain T,;,
and T,,,, for equation 11. The maximum growth rates mea-
sured in batch cultures at various temperatures (Fig. 5) were
compared with the predictions of the Ratkowsky and the Es-
ener model equations (equations 9 and 10). Neither model
described the data well at very low growth rates. Additionally,
the Esener model slightly overestimated the maximum growth
temperature. Despite these inaccuracies in the extreme low
and high temperature ranges, both models allowed a good
extrapolation (mean estimation error, less than =5%) of the
experimental data (Fig. 5b). In comparison to the w,,,, values
measured under unrestricted growth conditions in batch cul-
tures, those determined from the kinetic investigation made in
glucose-limited chemostat cultures were consistently lower
(Fig. 5a). However, the p.,,,, values estimated from continuous
culture data were also well described by the Ratkowsky model.
In this estimation procedure, the two parameters b and ¢ were
optimized, whereas T,;, and T, ., values were set to those
obtained from batch culture data (Table 2). From this curve,
the minimum and maximum growth temperatures at particular
dilution rates were estimated.

When fitting equation 11 [s = f(7)], the two regression
coefficients (B and C) were optimized with respect to the
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FIG. 6. Temperature dependency of steady-state substrate concentrations at
a dilution rate of 0.3 h™'. Closed circles (glucose) and closed triangles (galac-
tose), experimentally determined steady-state sugar concentrations at 37°C when
100 mg liter ! of glucose (or galactose) was supplied in the inflowing medium as
the only substrate; open circles, steady-state glucose concentrations predicted by
equation 2 for different temperatures; open (closed) squares, steady-state glu-
cose (galactose) concentrations when 1:1 mixture of glucose and galactose was
supplied in the inflowing medium; solid line, model equation 11 fitted with T},
and T, values, which represent experimental boundaries at D = 0.3 h™1;
dashed line, model equation 11 fitted with the cardinal temperature values of E.
coli ML 30 instead of T, and T,,,, parameters.

ax

experimental data obtained at dilution rates of 0.2, 0.3, and 0.4
h™' and with respect to predicted s,,;, values. Both T,,;, and
T ax Temained fixed during this fitting procedure. From the B
versus D and C versus D plots (Fig. 7), it can be seen that for
the range of 0 h™! = D = 0.4 h™! the dependency of the two
parameters on D is approximately linear. Hence, steady-state
substrate concentrations as a function of temperature and
growth rate can be described by replacing these parameters in
equation 11 with linear relationships. The resulting model is
presented in Fig. 8b. The width of the parabola-like curve is

02 T T T T 3000
A
-
-~
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1 015 "7 -12000
o S —
X P i
2 | - 3
~ -
@ g1 f J1o0 ©
[e] [ ]
005 1 1 1 1

0 01 02 03 04 05
D(h")

FIG. 7. Relationships between the two regression coefficients B and C and
the dilution rate. B and C are the best-fit model parameters of the steady-state
substrate concentration model (equation 11).
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narrower with increasing dilution rates, i.e., the temperature
range for growth becomes restricted with increasing dilution
rates. Unfortunately, the minimum of this function changed at
different growth rates, and this minimum is not always equiv-
alent to the optimum temperature for growth.

Extrapolation of the simple relationships into more complex
systems. The fact that relationships exist between model pa-
rameters and temperature (Table 3; Fig. 7) is of advantage for
developing the complex s = f(D,T) model. In addition, a con-
sistent kinetic description, i.e., using only equation 2 for all
temperatures examined, is an advantageous basis for develop-
ing additional models, since it is the only equation which ac-
curately described the experimental data at 40°C and, at the
same time, the data at lower temperatures. An equation with
only two variables (T and D) can be proposed to describe the
relationship between steady-state substrate concentration,
growth rate/dilution rate, and temperature. However, two dif-
ferent experimental approaches can be used to establish this
model. First, D can be varied and s can be measured at con-
stant T, and second, 7" can be varied and s can be determined
at constant D. A three-dimensional projection of the s =
f(D,T) relationship was computed by fitting the best surface to
the experimental data measured by the first approach (Fig. 8a).
The same relationship, but projected into two dimensions, is
shown in Fig. 8b, representing data collected by the second
experimental approach.

All of the previous results were obtained with a simple
model system with glucose as the only carbon and energy
substrate for growth. However, it has been shown recently that
E. coli cells are able to utilize mixtures of sugars simulta-
neously when cultivated in carbon-limited continuous culture
(10). Therefore, steady-state sugar concentrations were mea-
sured as a function of temperature in cultures growing with a
1:1 mixture of glucose and galactose. In Fig. 6, it is shown that
at a constant growth rate the steady-state concentrations of
glucose were reduced when an additional substrate (e.g., ga-
lactose) was utilized simultaneously compared with those dur-
ing growth with glucose only. Except for the lowest tempera-
ture tested, steady-state glucose concentrations were reduced
to approximately 50%. For galactose, a similar effect was ob-
served, as judged from the results obtained at T = 37°C, where
the concentration was reduced from 41 pg liter* (10) to 19 pg
liter ' at D = 0.3 h™'. The data obtained at 28.4°C indicate
that the reduction of individual steady-state sugar concentra-
tions during mixed substrate growth might be even more pro-
nounced at lower temperatures. Although this observation has
to be confirmed, it might open a promising road to optimizing
biodegradation processes in which pollutants have to be re-
moved to low concentration levels.

DISCUSSION

What is the physiological meaning of an s,;, term? The
conventional Monod equation (equation 1) did not hold for
the description of the experimental data at all temperatures.
This discrepancy was solved by using an extended form of the
Monod model (equation 2), which predicts a finite substrate
concentration at 0 growth rate. It must be pointed out that s, ;,
is usually negligible compared with actual steady-state sub-
strate concentrations (i.e., s >>s,;, and, therefore, s + s,,;, =
s), and no statistically significant difference between the
Monod model (equation 1) and the model including an appar-
ent substrate term (equation 2) can be observed, for example,
at 37°C. At T, (and perhaps also at lower temperatures), both
models predict the experimental data well and, therefore, the
original Monod model can be used when a less complex model
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FIG. 8. Steady-state glucose concentrations as a function of temperature and
dilution rate for the growth of E. coli in glucose-limited continuous culture. (a)
Three-dimensional relationship describing s = f(D,T). Thin-lined three-dimen-
sional surface, the best fit to the experimental data; heavy lines, the particular
growth kinetics and the s = f(T) relationships at 0 and 0.3 h™' used in model
building. (b) The s = f(D,T) relationship projected into the s versus T plane.
Lines, isolines of the same dilution rate. Predictions of residual glucose concen-
trations as function of temperature at dilution rates of 0, 0.2, 0.3, and 0.4 h~!
were made by equation 11.

is preferred. On the other hand, the data at 40°C cannot be
predicted well by any of the alternative models, and, therefore,
equation 2, in which the Monod relationship was extended with
Smin, Must be preferred for describing the s = (D) relationship
at all temperatures.

The existence of s,,;, can be justified on the basis of the
maintenance energy concept, and the existence of a cellular
maintenance energy requirement can be easily explained by
thermodynamic reasoning. A consequence of this concept is
the existence of a finite concentration or flux of an energy
(carbon) substrate at 0 growth rate. In a system open with
respect to the supply of substrate, this results in a finite con-
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centration of the energy (carbon) source at D = 0 h™'. For a
culture of E. coli cells grown with glucose at 30°C, Schulze and
Lipe (39) measured a small rate of substrate consumption,
even when no growth was observed. This rate, 55 mg of glucose
(h - g [dry weight]) !, which represents a specific maintenance
rate of 0.0286 h™' when the yield coefficient of 0.52 experi-
mentally determined by these authors is used, was just enough
to sustain cellular metabolism, but not enough to allow growth
and reproduction. Similarly, Shehata and Marr (42) estimated
that 18 pg liter ' (which, for the reported K, of 68 pg liter '
and p. = 0.78 h™ 1, represents a specific maintenance rate of
0.163 h~ ') was the lowest substrate concentration that allowed
maintenance of growth of E. coli in batch culture at 30°C.
Wallace and Holms (47) and Mainzer and Hempfling (19)
have also found the maintenance requirements of E. coli
strains affected by temperature.

To compare the s,,;, values estimated in this study at differ-
ent temperatures with previously reported maintenance re-
quirements (19, 39, 42, 47), s,.;, values were converted via
equation 6 into specific maintenance rates. The resulting spe-
cific maintenance rates of 0.074 h™' (17.4°C), 0.191 h™!
(28.4°C), 0.204 h~' (37°C), and 0.485 h™' (40°C) are in the
same order of magnitude as that estimated by Shehata and
Marr (42). All of them are at least 1 order of magnitude higher
than the maintenance requirement measured by Schulze and
Lipe (39).

Additionally, the s,,;, estimated from the experimental data
(12 ng of glucose liter ! at 37°C) can be compared with the
threshold substrate concentration of 10.8 pg liter ™' computed
according to the model proposed by Button (6), using the
values of K, = 32.8 ug liter ! and p,,,,. = 0.76 h™ ! obtained in
the present study and a rate of endogenous metabolism of 0.25
h™*! (reported in reference 6). The very complex model pro-
posed by Schmidt and coworkers (38) predicts a threshold
concentration for growth of 2.25 pg liter ! glucose, which is
slightly lower than the value of 12 pg liter ! extrapolated from
our experimental data. However, it should be stressed that
such comparisons have to be made carefully, because many of
the model parameters required for calculation of s, ;,, in some
of the more complex models were not measured in this study
but had to be taken from other studies.

The reported threshold (s,,;,,) concentrations are difficult to
compare, because in each case different experimental systems
were used. However, an analysis of the trends exhibited by the
data should not be affected by the experimental setup. Inter-
estingly, the trend for the estimates of specific maintenance
rates (Fig. 9) from our own data as a function of temperature
is comparable with those measured for E. coli by Wallace and
Holms (47) and also with the effect of temperature on the rate
of synthesis of B-galactosidase in E. coli (20). A dramatic
increase in the specific maintenance rate was also observed in
the superoptimal temperature range by Mainzer and Hemp-
fling (19). The dependence of s,,;,, on temperature did not
exactly follow the pattern shown in Fig. 9. This can be due to
the fact that temperature affects the maintenance rate at the
level both of s,,;, and of p,,. (see equation 6).

Is the substrate saturation constant temperature depen-
dent? Virtually identical K, values for glucose (Table 3) were
obtained from fitting the extended Monod model (equation 2)
to the experimental data at 17.4, 28.4, 37, and 40°C. This is in
agreement with data already reported by von Meyenburg (46),
who found similar values for K,,, for a mutant of E. coli growing
with glucose at 30 and 37°C. However, in the few studies which
are available on temperature modulation of saturation con-
stants, both positive (7, 43, 49) and negative (7, 16, 18) mod-
ulations of K, by temperature have been reported. In each of
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FIG. 9. Comparison of temperature dependence of maintenance rates and
rate of synthesis of B-galactosidase in E. coli strains. (Rates are relative values
standardized with respect to the minimal value.) Symbols: open circles, specific
maintenance rates calculated from s,;, values for E. coli growing with glucose
(see Table 3, equation 6); diamonds, specific maintenance rates calculated from
the experimental data of Wallace and Holms (47) for E. coli during growth with
glucose; closed circles, differential rates of B-galactosidase synthesis in submaxi-
mally induced cryptic strain (20).

these studies, the Arrhenius equation was used to describe the
temperature modulation of the K| or K,,, constant (7, 49), since
it was assumed to be generally valid for defining the temper-
ature dependency of chemical rate constants (8). However, it
has never been confirmed that this thermodynamic concept
can be applied to such a complex parameter as the Monod
saturation constant.

Considering that even for one particular temperature the
steady-state glucose concentrations supporting half-p .. (K,
values) have been reported to vary by more than 3 orders of
magnitude (40), one has to question the accuracy of such
studies of temperature modulation of growth constants. Some
investigations indicate (40, 46) that this enormous variability is
due to insufficient adaptation of bacteria to low substrate con-
centrations. To overcome this, standardization of experiments
is necessary in comparative studies. In our experimental study,
we used cells fully and reproducibly adapted to growth-limiting
concentrations in continuous culture. Interestingly, for Meth-
anosarcina barkeri it was shown that the temperature depen-
dency of the affinity constant for molecular hydrogen and ace-
tate was reduced when the substrate concentration was
lowered to subsaturating levels, i.e., toward concentrations
found in balanced ecosystems (49). These data support the
results reported here for E. coli. For growth at very low sub-
strate concentrations, Button (6) proposed that the ability of
bacteria to grow is better described by a specific affinity term
which is defined as the ratio of p,,,, and K,. Since saturation
constants are temperature independent and w,,,, varies with
temperature, specific affinity will also be temperature depen-
dent.

These observations raise the issue of whether the reported
temperature modulation of substrate affinity is an experimental
artifact and what is the theoretical background to such behav-
ior. In the appendix, we present a simplified example and
suggest possible reasons for a temperature-independent K
value. The main difference between K, and the other model
parameters (s,,;, and w,,,) is that because of the complexity of
the Monod saturation constant, both the negative and the
positive temperature effects may compensate each other. De-
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spite the clear evidence obtained in our experiments that the
K, value for glucose was temperature independent, it would
still be premature to generalize this finding. When comparing
with other published results (7, 16, 18, 43, 46, 49), one has to
keep in mind several factors such as the differences in exper-
imental setup (batch versus continuous culture cultivation,
concentration of the feed, etc.), different methods that were
used in determining model parameters (linearization or non-
linear parameter estimation), and the specific limitations in-
herent in hyperbolic models, namely, that the parameters
strongly influence each other.

What are the main factors influencing the steady-state sub-
strate concentrations? In our experience (for comparison, see
Fig. 2), steady-state concentrations of the growth-limiting sub-
strate are reproducible under defined conditions in continuous
culture. Similarly, in open systems the growth conditions will
determine the limit down to which particular compounds can
be degraded. Here, specific growth rate, temperature, and
composition of the utilized C pool in the feed were shown to be
important factors affecting a steady-state concentration of glu-
cose during growth of E. coli in the chemostat. Under optimal
growth conditions (defined as pH = 7, T = 37°C), the steady-
state glucose concentration of 32 = 4 pg/liter was measured at
a dilution rate of 0.3 h™'. This concentration increased when
the cultivation temperature was out of the optimum range and
at higher growth rates. Vice versa, the steady-state glucose
concentration decreased with decreasing growth rates or when
the cells were simultaneously utilizing an additional substrate.

We are aware of only two other reports in which parabola-
like s = f(T) dependencies similar to those for glucose de-
scribed in this study were observed, both of them for nitrifiers
in batch reactors (7, 18). The trend in steady-state glucose
concentrations affected by temperature was sufficiently well
described by the reciprocal Ratkowsky model (equation 11).
Unfortunately, the minimum steady-state substrate concentra-
tion does not coincide with the optimum temperature for
growth. At D = 0.3 h™', approximately the same glucose con-
centrations (i.e., 31 = 4 ng/liter) are predicted between the
range of 31 and 37°C (Fig. 6); however, according to batch data
(Fig. 5), one would expect the minimum to be at approximately
38°C. As such, a simple parabolic function would describe the
data similarly well. Such models have been proposed for the
description of the effect of pH and temperature on the growth
rate (36, 51). Fortunately, the reciprocal Ratkowsky model is
only a modification of an already accepted model for temper-
ature dependency of bacterial growth. This modification was
also successfully applied for the description of the influence of
temperature on lag time (50, 53).

Are the concentrations observed in real environments com-
parable to those of laboratory-scale experiments? In natural
waters, threshold concentrations of certain compounds have
been observed below which these compounds were not signif-
icantly utilized or at which the rate of their degradation slowed
down enormously (summarized in reference 2). This phenom-
enon has been attributed to the fact either that a certain
amount of substrate is needed to sustain necessary metabolic
functions (i.e., maintenance energy [29]) or that the concen-
tration of a particular compound is too low to provoke induc-
tion of the enzymes necessary for its degradation (2, 9). As
discussed above, the former phenomenon is based on the ki-
netic properties of a particular strain. However, the efficiency
with which a bacterium takes up substrate is influenced by a
variety of environmental factors, an important one being the
presence and simultaneous utilization of additional substrates
(10). Therefore, one would expect that the concentrations of
particular substrates under environmental conditions should
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be lower than those observed for laboratory-scale experiments
in which these compounds are supplied as the only substrates
for growth. The s,,,;, would, therefore, be the highest expected
substrate concentration under conditions of no growth. The
fact that the observed maintenance energy requirements of
indigenous soil microbial populations were some 3 orders of
magnitude lower than those known from pure cultures sup-
ports this line of thinking (3, 24). It should be pointed out that
such thresholds should not be observed in closed systems such
as batch cultures (44), because the maintenance requirement
of cells implies continued utilization until all available sub-
strate is exhausted. This might not be the case when, e.g., toxic
metabolites are accumulated, or when the culture is limited by
an element other than carbon.
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APPENDIX

Some quite contrasting temperature dependencies of K; have been
reported in the literature (7, 46), although to our knowledge, this
problem has not yet been treated theoretically. On the basis of the
mathematical analogy between K and the Michaelis-Menten satura-
tion constant (K,,,), we will try here to explain theoretically our exper-
imental data that, for E. coli growing with glucose, have demonstrated
that K; was independent of temperature. Analogously to K, (for its
definition, see reference 8), the K| can be interpreted as a ratio of rate
constants of a single enzymatic step (35) that limits the specific growth
rate (equation 15):

k + ki
K:ukn 15)

For the special case in which all of the individual rate constants exhibit
similar temperature dependencies (equations 16a, b, and ¢ and 17), the
apparent K; parameter should also be independent of temperature
(equation 18).

When
k(T) = q1 X k(Ty) (16a)
k(T)) = g, X k{(T») (16b)
kn(T)) = q3 X k(T») (16¢)
and
q9=q¢=q=q a7

then K is independent of temperature (equation 18), i.e., K, (T}) and
K, (T,) are identical:

(k; + ky)

K(T)) = k

and therefore,
q><k,+q><k,,_q><(k,~+kh)

KD = %% g X i

= K(T) (18)

Assuming that the rate constants are dependent on temperature ac-
cording to the Arrhenius equation (equation 19), the parameter ¢ is
expressed as shown in equation 20. For the case in which g, ¢,, and g5
are identical, this equation implies that the activation energies are also
the same:

KT) E(T, - T)

KTy - RT.T (19)
) @m7m> "
q - exp R 'I"1 Tz ( )
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