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ABSTRACT

Two-stage continuous culture system has been studied intensively to maximize the productivity of a
cloned gene product in unstable recombinant microorganism. As an effort to optimize the two-stage
process, transient behavior of the second-stage was studied theoretically as well as experimentally
using Escherichia coli K12AH1Atrp. A mathematical model describing the transient response to a step
change in dilution rate was developed based on the assumption that the adaptation rate of cell growth
1s proportional to the available growth potential, which is defined as the difference in dilution rates be-
tween before and after shift-up. The kinetic parameters appearing in the model equations were the

dimensionless step increase in growth rate(e) and the adaptation rate constant(k). These parameters
were evaluated for various dilution rates and temperatures by washout method. This relatively simple
adaptation model could predict the specific growth rate of the second-stage successfully. Advantage
and disadvantage of the proposed model are also discussed.

INTRODUCTION

Genetic instability of recombinant microorganism
has been considered as one of the most important ob-
stacles on the scale-up of recombinant fermentation
processes(1-3). Generally, recombinant microorga-
nisms become more unstable under expressed condi-
tion than under repressed condition for the cloned
gene. From the bioprocess engineering point of view,
therefore, using a two-state culture system to sepa-
rate the growth stage from the production stage can
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be a plausible solution to the instability problem(Fig.
1). If the recombinant of interest has a temperature-
sensitive genetic switch like PO, site-Acls; repres-
sor, the expression of the cloned gene is controlled
very easily by changing the operating temperature.
For instance, the first-stage 1s operated at the tem-
peratures lower than 37°C for cell growth without
cloned gene expression, while the secondstage is
maintained at the temperatures higher than 38°C to
inactivate the heat-sensitive Acls; repressor mole-
cules and, hence, to induce the rapid accumulation of
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the cloned gene product(4-6).

In actual applications, both stages of a two-stage
continuous culture system are operated at steady
states for cell density and substrate concentration.
However, the operating conditions of dilution rate
and temperature in each stage are usually different
to each other, for their optimal levels are not the
same. As a consequence, upon being transferred
from the first-stage to the second-stage, cells experi-
ence an abrupt change in their growth environment
and each cell goes through a transient period exhibit-
ing different growth rates depending on the mean
residence time and the difference in operational con-
ditions between the two stages. This results in a tran-
sient, unbalanced growth and brings about the
changes In average mass, DNA, RNA and protein
contents per cell(7-10). Although the growth rate is
considered as the best lumped parameter characteriz-
ing the physiology of bacterial cells(11), 1t is for the
cells under a balanced batch growth or the cells
growing in a single-stage culture system(including
the first-stage of a two-stage culture system) under
a steady-state condition. For the second-stage of a
two-stage system, the growth rate( u,) represents
an average value of wide range growth rate of indi-
vidual cells and its meaning should be interpreted
more carefully.

The present study is focused on analyzing transient
responses of glucose-limited Escherichia coli cells to a
step change in dilution rate and temperature in a sin-
gle-stage as well as in a two-stage culture system.
The strain used is E. coli KI2AHIAtrp which has
been employed as a host cell for the recombinant plas-
mid pPLc23trpA(4-6). Important parameters consid-
ered are dilution rate and temperature. They are di-
rectly related to the inactivation of heat-sensitive re-
pressor molecules, thus the product formation in the
recombinant E. coli(4-6). A mathematical model
based on the first-order adaptation kinetics is pro-
posed to describe the change in specific growth rate
following a step increase in dilution rate or/and tem-
perature and is compared to experimental results.
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Fig. 1. Schematic diagram of a two-stage continuous
culture system.

THEORY

Let's consider a two-stage continuous culture
system shown in Fig. 1. The material balances for
the cell densities in the first-stage and the second-
stage give the following equations(4-6) :

%:*Dl){ﬁu X[ eeeeereeeenrir e (1)
d;% = DX+ DX+ Xy ceereereereeeinns (2)

where, X, D and u denote cell density, dilution rate,
and specific growth rate, respectively; subscripts 1
and 2 denote the first- and second-stage, res-
pectively; Dy, represents the dilution rate of the sec-
ond-stage due to the fermentation broth transferred
from the first- to the second-stage. Under steady-
state conditions, cell density does not change with
respect to time, and Eqgs. (1) and (2) give :

Considering the individual cells (X;) as independent

batch bioreactors and denoting their growth rate as

U, growth kinetics is expressed as follows(12) :
id){(lv :,UiX., X;(O):Xio at t=0 =-cerrreiieines (5)

or, Xx(t):XioeXp(S,U i(t) dt) ..................... (5_1)

If growth condition is kept constant, 1, is a constant
and X; can be estimated very easily. When a step
change in growth condition is introduced (as in
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case that cells are transferred from the first- to the
second-state), however, 1, changes to a new level
as adaptation proceeds. If we recall that bacterial
cells have the tendency to grow with the possible
maximal rate under a given set of environmental
condition(11), it would be reasonable to assume that
the adaptation rate is proportional to the difference
between the new growth rate and the pre-shift
growth rate before the step change. This would be
particulaly true when the new condition allows the
highest growth rate( u ) that the microorganism
can inherently exhibit. This “first-order adaptation
model” is described as follows ;

Lk ), 1OV = paatt=0 o (6)
where, 1M is the new growth rate that is determined
by new culture condition and k is the adaptation rate
constant. Then, the difference between two growth
rates, ( uM— 1), is driving force for adaptation and
can be interpreted as available growth potential. The
solution of Eq. (6) for the initial condition given is,

i) =uM=(uM— o) exp(—kt) oo (7)

If we assume an ideal stirred tank reactor(CSTR)
(12), the cell density of the effluent from the sec-
ond-stage (X,) without added fresh medium (F,,
=0) can be expressed as (see Fig. 1) :

XZZI)mX.(t) e(t) dt e, (8)

where, &(t) is residence time distribution (RTD)
function(13). When the cells in the second-stage are
growing with varying rates, e(1)is a complex func-
tion of ux; and D. However, if we assume that one
mother cell transferred from the first-stage and its
daughter cells derived in the second-stage have the
same residence time in the second-stage, () has the
following form for an ideal CSTR :

E(t):Dz exp(_th) .............................. (9)

This is an approximation which is valid when X, is
similar to X.. From Egs. (5)~(9), X, is expressed as
follows :
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Xz‘—’J‘"mX.o Dz[ﬂﬂ“‘w {exp(—kt)
— 1} exp(—Dt) db «eererrerermrenreieiiiiiieeanens (10)

If we denote X, as the cell density with the added
fresh medium into the second-stage (i. e., F#0),

Then, the growth rate of the second-stage( 1z,) can
be expressed as follows :

UZZDZ_DIZ(;((—Z}) .............................. (12)

As an extreme case, when the second-stage is run
at high levels of substrate and dilution rate which
allow the cells to grow with their fastest rate, 4 na,
the available growth potential for the cells trans-
ferred from the first-stage to the second-stage be-
comes ( i mex— 1 3). It is this condition that the valid-
ity of the proposed first-order adaptation model is
tested in the present study, since this extreme case is
most interesting for the optimization of the two-
stage continuous culture system. We want to run the
second-stage at or near the optimal condition, where
the gene productivity is not affected by insufficient
or limited supply of essential substrate.

MATERIALS AND METHODS

The bacterial strain E. coli M72(Sm?®, lacZam, A
bio-uvrB, AtrpEA2[ ANam7, Nam53, ¢ I 857, AH1],
designated as K12 AHI1 Atrp, the host cell for the re-
combinant plasmid pPLc23trpA, was used through-
out all experiments(4-6). Inoculum cultures were
conducted in 500mL flasks and main cultivations in
Bioflo units (New Brunswick Scientific). Tempera-
ture was maintained at a set point within the range
of £0.1°C by putting the glass jar into water jacket.
The M56 minimal medium(14) supplemented with
10 #g/L biotin, 20mg/L tryptophan and 1g/L glu-
cose(designated as M56) was used for both flask cul-
ture and bioreactor experiments. With this medium,
glucose was found to be the limiting component de-
termining the final cell yield. In continuous culture
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experiments, a steady state was assumed when the
absorbance of culture broth at 600nm(Asn) were
constant in the three consecutive measurements,
which occurred at least three mean residence time
had passed. Glucose concentration was measured by
a glucose analyzer(YSI, model 27). More detailed in-
formation on culture conditions and analytical meth-
ods can be found elsewhere(4-6).

RESULTS AND DISCUSSION

Measurement of maximum growth rate( i m.)

The maximum growth rates( u...) at different
temperatures were measured by a modified washout
method(15). At a desired temperature level, bio-
reactor was run intially under a steady-state condi-
tion at a relatively high dilution rate (close t0 2 msx)
for more than 6 times the mean residence time, and
then a step increase n the fresh medium feed rate
was Introduced to initiate the washout of the cells.
After the cell density was decreased to a level lower
than Ag=0.1, the inflow of fresh medium was
stopped and the change in cell density was followed
while the bioreactor in a batch mode. Up to the cell
density of Agn=0.3, the plot of (In Agy) vs. time gave
a straight line and ¢ ..., could be determined accurate-
ly from the slope. Based on the Arrhenius plot shown
n Fig. 2, activation energy(E,) was estimated to be
11.1kcal/mol within the temperature range of 27-37
C. This value of E, falls within the range reported by
many other researchers(16-17).

Determination of adaptation kinetic parameters

In order to test the valdity of the first—order ada-
ptation model proposed and to determine the
adaptation rate constant k, a series of washout ex-
periments were carried out(15). One set of results,
when dilution rate i1s shifted from D =0.45hr ' to
1.06hr ™!, are shown in Fig. 3. We find that cell densi-
ty expressed as Agy decreases very fast initially but
its rate slows down as time elapses. Since transient
growth rate is dependent on dX/dt as shown below
in Eq. (13), this indicates that there is a gradual in-
crease in growth rate to be adapted in the new envi-
ronment. Transient growth rate at each time point is

311
0.9
0.8
b
T oorh
-
=
T
1
£ 06F
B
°
on
K] .
E oSk e
2 .
@ L o5k @
£
04l r
-1.0 P
3.1 3.2 3.3 3.4
1/T X 1000
()_3 1 1 1
25 30 35 40 45

Temperature(C)

Fig. 2. Effect of temperature on the specific growth rate
of E. coli KI2AH1 Atrp in M56 minimal medium.
Insert: Arrhenius plot for determination of the
activation energy.

estimated from the tangential line of the washout
curve (after smoothing it) and using the following
equation |

1 dX

u:])—{—Y F .................................... (13)

The values of x were also plotted in Fig. 3. Here, it
1s important to point out that the initial transient
growth rate is not the same as the pre-shift, steady-
state growth rate. Instead, there is an abrupt in-
crease In the growth rate( A u,,) immediately follow-
ing the step change in dilution rate. The value was
estimated to be 0.20hr™" in case of Fig. 3.

Once the initial growth rate is obtained, one can
calculate k value from the slope of the plot of —In
(uM— ) vs. time(see FEq. 7), or alternatively, di-
rectly from the data of X vs. time. The former meth-
od 1s straightforward but has some difficulty to be
applied in the later time period where X changes
very slowly with respect to time. The latter one relies
on the comparison between the experimentally mea-
sured cell densities and the ones calculated from the
Eq. (14) shown below. From a material balance
equation and the first-order adaptation model given
in Eq. (7), cell density during washout is calculated
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Fig. 3. Transient behavior of a chemostat culture following
an increase in dilution rate from 045 to 1.06hr™' at
37°C. Solid line for As{ ®) shows the model simula-
tion according to Eq. (14).

as follows :

XzXoexp[(umax—D)HMly
(exp(—Kt)—1}] wrrererrrrmemrmnmninrnninan, (14)

where, 1M was substituted by u .. {(subscript 1 was
dropped off since the single-stage continuous system
was assumed as an ideal CSTR) and the post-shift,
nitial transient growth rate was denoted as ., to
emphasize that there was some Instantaneous in-
crease In growth rate. Since the only unknown in Eq.
(14) s k, 1t is possible to determine its value by re-
gression method from the experimental data like Fig.
3(23). In Fig. 3, the magnitude of k value was about
0.25hr™",

There are several reports in the literature on the
transient responses of bacterial cells to the step
changes in dilution rate(18¥22). For instance, Beck
et. al(18) observed Instantaneous increase of the
growth rate in a continuous culture as well as in
batch culture following the supplementation of medi-
um component. They also reported that the abrupt
shift in growth rate was accompanied by a progres-
sive enrichment of the cellular content in stable RNA
and a transient decrease in the level of nucleoside
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triphosphates. Several researchers(19-20) including
Beck et. al. have tried to explain this phenomenon
based on so-called “RNA-limiting theory” that the
overall response of a microbial culture is controlled
by the response of the cellular macromolecule and
the macromolecule which exerts predominant control
over transient response is the RNA. This hypothesis
is dependent on the fact that the largest single com-
ponent of the biomass 1s protein and protein synthe-
sis is controlled by the cellular complementation of
RNA(11). The RNA -limiting theory is generally ac-
cepted while there are some other evidences indicat-
Ing its limitation in explaining the transient responses
over a wide range of specific growth rate(22). In the
present study, it is not attempted to measure the lev-
els of any intracellular metabolites or to reveal the
mechanism by which cells modulate their RNA con-
tent with growth rate, since the purpose is the analy-
sis of adaptation kinetics and its application to the
optimization of a two-stage continuous culture
system.

The washout experiments were performed for sev-
eral different initial steady-state dilution rates in
order to reveal the transient response of the culture
In detail. Fig. 4 shows the dimensionless step increase
n the specific growth rate(e) and k value, respe-
ctively, as a function of initial steady-state dilution
rate or growth rate. The dimensionless step increase
is defined as follows :

_ (i)

ST gy s (15)

[+

In Fig. 4, one important finding is that the value of ¢
is practically constant(about 0.5) at the given tem-
perature of 37°C, regardless of the pre-shift steady-
state dilution rate. This means that the magnitude of
the difference in growth rate which can be accommo-
dated instantaneously following a step change in sub-
strate concentration Is almost constant, when it is ex-
pressed in terms of the ratio of initial shift-up( z,,—
o) to total potential A p1o(= 1t max— 20o). In other
words, E. coli cells retain intracellular pool of rate-
limiting component(s) (maybe the protein syn-
thesizing system, according to the RNA-limiting the-
ory) 50% in excess of what is required to meet the
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given growth rate. Fig. 4 also shows the magnitude
of k value. Interestingly, it was almost constant at 0.
25+0.05 regardless of the steady-state growth rate,
although it appeared to be increasing slightly. This
indicates that the cells adapt to the new environment
at the rate of about 25% of the total driving force or
avallable growth potential per hour after the initial
step change is imposed on them.

From the results of Fig. 4, it is possible to estimate
the length of time that is required to reach a new
steady-state awhen dilution rate is varied. If we de-
fine response time(r,) as the time required for the
pre-shift steady-state growth rate(u,) to reach
(100%8) % of 1 may 1t is expressed as follows :

_1 (1—6) M max

=1 In (o) A e (16)

Fig. 5 shows 74 as a function of the pre-shift
growth rate u, when g .,.=0.82hr!(at 37°C with
M56 medium). The response time was as
long as 8 hr for the step change of A y,=0.6hr™.

At this moment, it might be appropriate to discuss
about the applicability of the first-order adaptation
model to two additional transient situations, 1. e., the
case that the new growth rate after shift-up( « M) is
lower than u .., and the case that a sudden shift-
down (instead of shift-up) in dilution rate is im-
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Fig. 4. Fffect of the pre-shift specific growth rate on the
adaptation rate constant (k) (O) and the
dimensioniess step increase in growth rate (@) (®).
The dilution rate after shift up was 105hr™ and
operating temperature was constant at 37°C.
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posed. For the former case, some experiments were
conducted (data not shown) with varying uM
When the changes imposed were less than 0.5 in @
value, the bicreactor exhibited almost instantaneous
adaptation in terms of specific growth rate. When
the changes imposed were more than 0.5 in ¢ value
but uM is lower than .., an instantaneous in-
crease in growth rate and a subsequent gradual in-
crease in growth rate were observed. The magnitude
of ¢ value was practically the same as the one ob-
tained with M= u ... This indicates that the first-
order adaptation model can properly simulate the dy-
namic responses of the cells even when 1 M £ naee
Recently, Balboo et. al. (24) have reported that,
when dilution rate is shifted up suddenly in continu-
ous culture of Klebsielle pneumonia, there exists an
overshoot in cell density and specific growth rate be-
fore a new steady state is established. For instance,
when dilution rate was shifted up from 0.22hr=? to
0.91hr™, specific growth rate increased abruptively
up to about 0.5hr™", increased rather gradually up to
1.05hr™!, and then decreased to approach the steady-
state level of 0.91hr™". To simulate this result, they
suggested to use the rather complicated “cybernetic
model”, one of the structured growth model(11). In
the present study with u# M less than z max no lot
some overshoot in the specific growth rate was also
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Fig. 5. Effect of the pre-shift specific growth rate on
response time, 7ys, time required for the transient
growth rate to reach 95% of the new growth rate.
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observed. However, the magnitude of the overshoot
was not so significant that the present model can
simulate the dynamic responses without a serious
error.

For the other case, 1e., when dilution rate is low-
ered, Balboo et at.(24) have reported that there exist
an adrupt decrease in growth rate immediately fol-
lowing a step decrease in dilution rate as well as an
undershoot in specific growth rate prior to the new
steady state. They claimed that the cybernetic model
could also explain this dynamic response properly. in
the present study, no experiment has been conducted
to test the applicability of the first-order adaptation
model to the shift-down case. It is predicted, howev-
er, that the present model does not simulate the tran-
sient growth rate, since the growth rate during the
shift-down 1s controlled mainly by the supply of ex-
ternal nutrient rather than the internal regulatory
mechanism of the cell as in the case of shift-up. This
is clearly a drawback of the present model compared
to the cybernetic model, but 1t should be pointed out
that the development of a versatile kinetic model is
not the purpose of this study. The case of shift-down
1s not related with the optimization of a two-stage
continuous culture system, which the present study
ultimately is focused on.

Effect of temperature on adaptation kinetic
parametes

The effect of temperature on adaptation kinetics
was also studied and the results were shown in Fig.
6. Since o and k were found to be constant regard-
less Ap(=thom—t4), these experiments were con-
ducted for a single A4 only. At each temperature,
the selected 1 was 0.20z4 and Dyapon 120200
respectively (see Fig. 2 for ta).

Fig. 6 shows that both & and k values increase up
to 39C and decrease as temperature is elevated
further. One might conclude that, near the optimal
temperature for the cell growth, the response time
for the adaptation becomes shorter.

Experments with a two—stage continuous culture
system
The two-stage continuous culture experiments
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were carried out for two cases : first, both stages
were operated at the same temperature, and the
other, at two different temperatures. The dilution
rate of the second-stage was kept constant at 1.0hr ™!
but that of the first-stage was varied to see the ef-
fect of the steady—state growth rate of the first stage
(1) on that of the second—stage (). The feed rate
of additional fresh medium into the second-stage
(Fy2) and that of the first—stage culture broth (F,,)
were carefully chosen so that the growth of cells in
the sceond—stage was not limited by insufficient
supply of glucose. Typically, D;, and Dy, were 0.1 and
0.9hr Y, respectively.

Experimental results showing the effect of 1 on g
at 37°C are given in Fig. 7, along with those of (theo-
retical) computer simulation. Here, experimental g,
was determined according E,. (4) and theoretical g,
according to E, (12). Although there are some scat-
terings, experi mental measurements generally well
agree with the theoretical calculations. When the ¢
value was modified slightly, the computer simulation
gave a better agreement with the experimental
results. This observation demonstrate that the first—
order adaptation model and the kinetic parameters
evaluated from washout experiments in a single—
stage culture system can properly describe the tran-
sient behavior of the cells growing in the second-
stage of a two—stage culture system. Computer simu-
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Fig. 6. Effect of temperature on the adaptatiin rate con-
stant (k) (O) and the dimensionless step increase
in growth rate(a) (®).
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lation in Fig. 7 also shows that, at a constant s, 1
is higher when D, is low. This means that, the longer
the cells stay in the new condition, the more they are
adapted.

Fig. 8 shows the effects of both temperature and
growth rate in terms of dimensionsless growth rate
U(=4/ttmax). For comparison, the results shown in
Fig. 7 were rearranged and also given in Fig. 8. The
temperatures chosen for first-stage(T,) and the sec-
ond-stage(T,) were 33°C and 405, respectively,
since the heat-sensitive Aclys; repressor molecules are
inactivated above 38°C and 40.57C is close to an opti-
mum for the synthesis of cloned-gene product in the
recombinant E. coli K12AH1Atrp/pPLe23trpAl(4~
6). Other operating conditions including Dy, and D,
were the same as those of the previous experiment
described in Fig. 7. Fig. 8 shows that the operation of
the two—stage system at different temperatures for
each stage results in a much longer adaptation time
than the operation at the same temperature (37¢)

for both stages. For example, at U, =0.5, Uys were
0.76 (when T,=337TC and T,=4057C) and 0.93
(when T,=T,=37C), respectively. There are sever-
al reports that, within or near the normal growth
range (which is defined as range where temperature
dependence of growth rate follows Arrhenius rela-
tion)(12), cellular composition of E. coli cells grow-
ing at the same rate is essentially the same. In
addition, 1t was suggested that, when an abrupt
change in temperature is exerted to the cultures
growing at one of these temperatures, the growth
rate assumes the value characteristic of the tempera-
ture to which the shift is made without a detectable
transient period(17—18). On the contrary, the pres-
ent study clearly shows that an abrupt change in
operating temperature causes some negative effect
of adaptation process. This might be due to the high
T, which slightly departed form the normal growth
range. Alternatively, we cannot exclude the posibility
that there is some significant difference in cell
physiolgy when the cells are growing at different
temperature.

For the smulation study with temperature shift-
up, the values of @ and k should be determined. As
shown in Fig. 4, these parameters are functions of
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operating temperature. Furthermore, they vary de-
pending on the magnitude of temperature change be-
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tween the first-stage and the second-stage. Since T,
and T, can be chosen In many different combinations
it seems almost impossible to determine those two pa-
rameters for all cases in a systematic way. This is
obviously a limitation of the theoretical approach
given In the present study. Nevertheless, once opti-
mal T, and T, for a two-stage continuous culture
system have been determined, we can determine the
values of @ and k exprimentally for those paritcular
temperatures. This enables us to analyze the
physiological condition of the second—stage more ac-
curately through the prediction of 14 at various dilu-
tion rates which is one of the key parameters for op-
timizing a two-stage culture system.

CONCLUSIONS

In the present study, the transient behavior of the
second-stage of a two-stage continuous culture
system was investigated theoretically as well as
experimentally using E. coli K12AH1Atrp. Impor-
tant findings can be summarized as follows :

1. Kinetic equations based on first—order adap-
tation model could describe properly the tran-
sient dynamics of cell growth following a step
change in dilution rate in a single—stage as well
as In a two-stage continuous culture system.
Two kinetic parameters, the adaptation rate
constan(k) and the dimensionless step increase
in growth rate(@) were involved in the kinetic
model.

2. There was a step increase in growth rate imme-
diately after the shift-up in dilution rate, but
the ratio(@) of the step increase to the total
growth potential was constant at a fixed tem-
perature regardless of the preshift steady—
state dilution rate.

3. The values of k and @ showed maximums at
around 39°C and gradually decreased when
the temperature changed in etther direction.

4. When the temperature of the first-stage was
different from that of the second-stage,
adaptation took a longer period of time than
when both stages were being operated at the
same temperature.
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NOMENCLATURE

dilution rate (hr™')

fow rate(L/hr)

first-order adaptation rate constant(hr™)
time(hr)

dimensioinless specific growth rate defined as

1/
X cell density(g/L)

SE S Sl

Subscript and superscript
0  1imtial condition at t=0
1  first-stage

2 second-stage

02 flow of fresh medium into the second—stage

12 flow of culture broth form the first~ #to the
second-stage

1 a segregated volume element of bioreactor

Greek

a  dimensionless step increase in specific growth
rate defined in Eq.(15)

&  residence time distribution # (RTD) function
specific growth rate(hr™")

th: Inital transient specific growth rate(hr™) ex-
hibited after instantaneous step increase in spe-
cific growth rate
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Ay difference between a new steady-state growth

Ty

10.

11.

rate and the pre-shift growth rate(hr™)
response time required for the pre-shift growth
rate to reach 1008% of e
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