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A model equation to describe the plasmid instability in recombinant Escherichia coli fermentation is propo-
sed. The equation allows one to estimate easily the two model parameters; (1) the difference in the specific
growth rates between plasmid-free cells and plasmid-harboring cells (), and (2) the probability of plasmid
loss by plasmid-harboring cells {p). The estimated values of & and p were in the range of 0.02-0.07 and
10731077, respectively, and were strongly dependent on the dilution rate. As another parameter , the ratio
of specific growth rates of plasmid-free cells and plasmid-harboring cells (@) was calculated and the result
showed the highest value of 1.28 at the lowest dilution rate of 0.075 hr™', examined in this work. By the
sensitivity analyses on the estimates of 8 and p, it was found that the growth rate difference () affected
the plasmid instability more seriously than the probability of plasmid loss (p). Furthermore, the profound
instability of plasmid at low dilution rate could be explained by the high values of a and p.

The segregational instability of the plasmid and popu-
lational dominance of plasmid-free cells in the late pe-
riod of recombinant fermentation are caused mainly
by two factors: the probability of a plasmid-free cell
generation from a plasmid-harboring one (p) and the
growth rate difference between plasmid-free and plas-
mid-harboring cells (§) (1, 2, 6,13, 22, 25). Several conti-
nuous cultures of recombinant Escherichia coli have
been reported by many authors (3-5,7-11,16-18, 28),
and the authors suggested that the probability of plas-
‘mid loss increased with dilution rate and thus with gro-
wth rate (5,7,12, 26). Furthermore, it was found that
the probabilify of plasmid loss showed a dependency
upon the specific growth rate of plasmid-harboring cell
(u™). These kinetic parameters had been evaluated un-
der the repressed condition of cloned-gene expression
(19), and/or under the selective condition made by ad-
ding antibiotics (23). However, the repressed and/or
selective conditions are not practical, since most recom-
binant fermentation is caied out under the derepressed
or induced conditions in the production scale process.

it is very important to determine how much these
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factors affect the host-vector relationship under the gi-
ven culture condition, especially under the derepressed
or induced condition of gene expression. Although
much experimental data have been reported, the mea-
suring of these kinetic parameters for plasmid instability
have not been fully appreciated most likely due to their
empirical nature. It is also difficult to measure experime-
ntally these kinetic parameters related to the genetic
characteristics of recombinant microorganisms. The cor-
responding values of these parameters have been calcu-
lated in the past by San and Weber (21) using an integral
approach, and they have been analyzed more generally
by Park et al. (19). However, a complex form of model
equation was used to represent the dynamic state of
recombinant fermentation.

In our previous work, a continuous culture of a reco-
mbinant E. coli was conducted under the derepressed
condition (42°C) and in the absence of selection pres-
sure (antibiotic-free medium), and the plasmid stability
was measured at different dilution rates (15). To analyze
the experimental data on the plasmid stability kinetica-
lly, a graphical and analytical approach was developed
to estimate the values of p and §, by using a simple
model equation. The estimated values of these parame-
ters were found to be strongly dependent on the dilu-



14 NAM ET AL

tion rate. The modelling approach proposed here aiso

allowed us to evaluate how mach these parameters

affect the plasmid stability, through a sensitivity analysis
on p and 8.

KINETIC MODEL FOR PLASMID STABILITY

The growth model describing a mixed culture system
with plasmid-harboring cell (X*} and plasmid-free cells
(X7) is given by the following three reactions (6);

+
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where ™ and u~ are the specific growth rates of the
plasmid-harboring and plasmid-free cells, respectively,
and p is the probability of plasmid loss per cell division.
According to the above model, the dynamics of X*
and X~ can be obtained by simple material balances
and are given by a set of ordinary differential equations:
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where D is the dilution rate.
Considering the changes in the ratio of X~ to X*
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Substituting Eq (1) and (2) into Eq (3) gives the following
differential equation:
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where 8=y~ —pu". A positive value of § indicates advan-
tages of plasmid-free cells over plasmid-harboring cells
in growth,

The analytical solution of Eq {4) with the initial condi-
tion, (X7/X*)=0 at t=0, yields

X~ +
X 27’%[%9(9 ut+8)t—1] 5)

For a relatively stable plasmid system, the rate of plas-
mid loss is much smaller value than the difference in
the specific growth rate. That is, §$>>p u*. Eq (5) can
be approximated to the following equations:

J. Microbiol. Biotechnol.

X __pp ., )

Xt i oPeY )
X7y pu*

In( T )—8-t+ln(pp++8) @)

Consequently, the slope (8) and intercept [p pn*/(p
ut+8)] from a plot of In (X /X*) vs time will provide
the estimates for parameters & and p, respectively.

During the fermentation period of 100% plasmid sta-
bility, u* is expected to be nearly equal to the dilution
rate, i.e.,, u*=D. From the definition of §, the ratio of
specific growth rates (o) of plasmid-free cells and plas-
mid-harboring cells can be simply calculated as follo-
wing;

o=y /pt =(D+8)/D=1+(5/D) ®)
RESULTS AND DISCUSSION

Estimation of Model Parameters from Experimental
Data

Continuous cultures were conducted with E. coli W
3110/pCRT185, a recombinant DNA strain that synthe-
sizes trp-operon enzymes and thus produces trypto-
phan. From the experimental data of plasmid stability
(15), the proposed Eq (7) was graphically applied to
calculate the parameter values of p and &. The fraction
of plasmid-free cells to plasmid-harboring cells (X~/X*)
was plotted as a function of culture time (t) for different
dilution rates in Fig. 1. From this plot, two parameters
of 8 and p were evaluated using a linear regression
method, and the results are summarized in Table 1.

100
10F
-+ 1 ] A
&
>
A
O
01
001 1 1 i 1
0 .50 100 150 200 250
Time (hrs)

Fig. 1. Plot of In{X™/X") vs. time for the different dilution rates.
(O) D=0.075 hr™"; () D=0.15hr""; () D=035hr""; (W) D=0.425
hr=",
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Table 1. Kinetic parameters estimated from the experimental results of continuous culture with a recombinant E. coli

Dilution rate Growth rate difference Probability of plasmid loss Growth rate ratio
D Y S (hr™") o} a
w —p) (/%)
0.075 0.021 1.21X1073 1.28
0.15 0.039 1.33X107* : 1.26
0.35 0.069 1.74X107* 1.20
293X107° 1.14

0.425 0.060

Also, the ratio of specific growth rates (o) for each ditu-
tion rate was calculated by Eg (8) and the results are
summarized in Table 1.

The difference in the specific growth rate (8) between
the plasmid-free cell and plasmid-harboring cell was in
the range of 0.02~0.07 and increased with the dilution
rate. In contrast, the ratio of specific growth rates (o)
were found to be inversely proportional to the dilution
rate. The ratio of specific growth rate was found to
be in the range of 1.1~1.3. This ratio was very consis-
tent with the ratio of maximum specific growth rates,
1.23, obtained from the data on the batch culture of
plasmid-free host cell (u;,=0.55 hr™") and the recom-
binant one (piy=0.45 hr "). The observation that the
ratio of growth rate, u~/u*, decreased with the increase
in dilution rate, was also reported by Ryan and Parulekar
in E. coli canying pUC8 plasmid (20) and Wei et al.
in Bacillus subtilis containing a-amylase gene (27).

The probability of plasmid loss (p) was in the range
of 1073~107% and vyielded the highest value of 1073
at the dilution rate of 0.075 hr™". As in the similar decli-
ning manner of o, the value of parameter p was also
strongly dependent on the dilution rate, and decreased
with the dilution rate. However, the magnitude of dec-
rease was more profound in the case of a, since the
change of a value was 1072 order, while that of parame-
ter p was of 1073*~10"> order.

As seen in Fig. 1, the values of y-axis intercept are
too small to evaluate the p value accurately, and thus
various approaches to solve this problem have been
suggested by many authors (13, 19, 21). Both of the
integral form equations (19, 21) and the derivative me-
thod combined with data filtering and smoothing (13)
can be used, but, in this work, those methods were
not applied to estimate the p value, since those require
an additional set of experiment and/or has the comple-
xity of equation to use. Also, since the p values, calcula-
ted by above two methods, showed a little difference
(13), it can be concluded that the small value of y-axis
intercept was not so significant in determining the para-
meter p accurately.

For the high copy number of plasmids, it is generally
believed that the patrtitioning of plasmid is achieved

by a random distribution of plasmid molecules (24) and
that the plasmid-free segregants appear at a frequency
of less than 107 per cell generation (12,14, 21). Most
recently, San and Weber (21) reported that the probabi-
lity of plasmid loss was estimated to be about 1074
with E coli harboring pBR322 plasmid in chemostat.
In our recombinant E. coli system, the same order of
magnitude of parameter p was observed, but the de-
pendency of p on the dilution rate was different. In
case of San and Weber (21), and Nancib and Boudrant
(14), the value of p increased when the dilution rate
was increased, while in our case and in the result of
Park et al. (19) the reverse situation was observed.
Regarding the mechanism about the dependency of
the probability of plasmid loss on the specific growth
rate of plasmid-carrying cell, it has been known that
the quantitative relationship between the plasmid repli-
cation or the plasmid content and the segregational
instability should be considered carefully. If one consi-
ders the plasmid replication, the replication rate should
be measured at different dilution rate and correlated
to the specific growth rate. Recently, Mosrati et al. poin-
ted out that it was very difficult to estimate the replica-
tion rate for the plasmid of high copy number, since
the comesponding formula was not fully established due
to the complex and muiltistep reactions of its replication
(12). Another factor is the plasmid content or copy nu-
mber per cell. Park et al. reported that the great probabi-
lity of plasmid loss was estimated at the low dilution
rate in which the increase of the plasmid copy number
was observed (19). Therefore, they suggested that the
high content of plasmid might increase the value of
p, if no mechanism existed for active segregation of .
plasmid molecules to the daughter cells. This suggestion
can be also valid in our result, since the content of
pCRT185 plasmid, used in this work, reached the hi-
ghest concentration at the low dilution rate (15). On
the other hand, a significant effect on the plasmid stabi-
lity might be also resulted from small difference in gene-
tic information carried on the plasmid and the operating
conditions such as dilution rate. Consequently, it is not
clear yet whether the trend of p to increase with the
dilution rate, is caused by the inherent characteristics
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of the host-vector system or by factors related to the
culture environmental conditions.

Comparison of Model Prediction with Experimental
Data

Based on the estimated values of parameter p and
8, computaional model prediction for the plasmid stabi-
lity was performed by the numerical integration of Eq
(1) and Eq (2) using a fourth-order Runge-Kutta method.
Comparisons of the plasmid stability between the mo-
del predictions and experimental data for difution rates
of 0.35 hr™* and 0.425 hr™" are presented in Fig. 2. The
predicted result agreed well with the experimental data.
for the other dilution rates of 0.075 hr™" and 0.15 hr™"
the same procedure with each value of p and 8 (Table
1) was performed and showed good consistency with
the experimental results of plasmid stability (data not
shown). This fact illustrated that the parameter values
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Fig. 2. Model predictions of plasmid instability at the dilution
rate of 0.35hr™" (A) and 0.425hr™' (B).

The line (—) and open circle (O) represent the simulation result and
experimental data on plasmid instability, respectively.
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evaluated by the proposed method satisfactorily repre-
sented the characteristics of the host-plasmid system
employed in this work.

From Table 1, the values of p and § at the low dilution
rate of 0.075 hr™* were higher than those at higher dilu-
tion rates. In the previous paper (15), the plasmid con-
tent per g-cell was at its highest at the lowest dilution
rate, and presumedly this high content of plasmid DNA
provided the recombinant cell with the extra metabolic
and energy burdens. Therefore, it seems most likely
that the detrimental effect of metabolic burdens on
the recombinant cell resulted in the highest value of
p and § at a low dilution rate. Consequently, it could
be concluded that the coupled effect of the higher
values of the probability of plasmid loss (p) and ratio
of growth rate (u /p*) had caused the plasmid free
cells to displace the plasmid-harboring cell population
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Fig. 3. Sensitivity of model prediction to the zero time, as
the starting time of steady state.

The zero time deviation of =30hrs was analyzed for the dilution
rates of 0.35 hr ' (A} and 0.425 hr~" (B). The open circle (O} represents
the experimental data on plasmid instability.
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much faster, especially in the lower dilution rate.

In this work, the following assumptions were made:
the 8 and p u* remain constant throughout the experi-
ment, and the plasmid system is relatively stable. Most
recently, Mosrati et al. (12) suggested that the parame-
ters of § and p did not remain constant and increased
with u*. Contradictory to their report, our result indica-
ted that the model studied here is valid even with the
constant condition for the parameters, and that the va-
lues of § and p decreased with the dilution rate.

Sensifivity Analysis on Model Parameters

In Eq (1) and Eq (2), two parameters of p and & are
constants at steady state. Thus, the culture time of zero
in the previous model prediction of plasmid instability
was assumed at the time in which the observation of
cell concentration reached a steady state. The cuiture
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Fig. 4. Sensitivity of model prediction to the zero time, as
the starting time of steady state.

The zero time deviation of +10hrs was analyzed for the dilution
rates of 0.35 hr™" (A} and 0.425 hr™* (B). The open circle (O) represents
the experimental data on plasmid instability.
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time of zero, however, is subjected to the selfjudge-
ment and may be changed by the experimenter. There-
fore, the prediction studies were proceeded with res-
pect to the “zero time sensitivity”.

The new zero time for the steady state of continuous
culture was assumed at 30 hrs (£ 30 hr) and 10 hrs (£ 10
hr) before and after on the basis of the zero time deter-
mined in the previous simulation studies. The simulation
results with this varation of “the zero time” for the
dilution rate of 0.35hr™" and 0.425 hr™! were shown
in Fig. 3(A) and (B), and Fig. 4(A) and (B), respectively.
From the figures, it was found that the greater the devia-
tion of zero time, the faster or slower the appearance
of plasmid-free cell. Consequently, in order to reduce
the zero time effect on the plasmid instability, the zero
time as the initial starting point for the steady state
must be determined as carefully as possible. This can
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Fig. 5. Sensitivity of model prediction to the parameter 8.
The * 10% deviation in § was analyzed for the dilution rates of 0.35 hr~
T (A) and 0.425 hr~' (B). The open circle (O) represents the experimen-
tal data on plasmid instability.
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be achieved through the on-line monitoring or more
frequent sampling of culture after the feeding of nutrie-
nts. In addition, to study which parameter has the signi-
ficant -effect on the plasmid instability, the sensitivity
of model parameters was investigated. In this study,
the simulated predictions in which the parameters de-
viated from the experimentally estimated parameters
were compared 1o the experimental results.

The predicted results at the dilution rates of 0.35
and 0.425 hr~" with 10% deviation of the estimated va-
lues of p and & (Table 1), are shown in Fig. 5 and Fig. 6.
it was elucidated that a small eror in the parameter
led to quite a large disagreement between the simula-
tion results and the experimental observations. A 10%
error in the growth rate difference (8) resulted in a curve
that suggests either a much faster or a-much slower

disappearance rate of the plasmid-harboring cell (Fig. 5).

On the other hand, from the simulation results or the
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10% deviation of the probability of plasmid loss (p)

' (Fig. 6), the model was quite insensitive to the small

error in the value p. This insensitivity can be explained
by the magnitude of the order in two parameters, i.e.,
growth rate difference (8) had an order of 1072 but
the probability of plasmid loss (p) had 107* The 1072
order difference between these two parameters demo-
nstrates that the major factor for plasmid instability is
the growth rate difference. As shown in the Eq (8), the
growth rate ratio a is proportional to the parameter 8.
It is also expected that the higher value of a at the
low dilution rate will result in the faster growth of plas-
mid-free cells, and thus result in the rapid disappearing
rate of plasmid-harboring cells, as observed with 6.

As a result, the simulation performed in this work
fits well the the experimental data, and constitutes evi-
dence that the model equation proposed here is valid.
The sensitivity studies indicate that an accurate estima-
tion of the parameter 6 and zero time is more important
than that of the parameter p, for a good prediction
of the experimental result. Furthermore, it was found
that the significant instability of plasmid at the low gro-
wth rates can be explained by the high values of growth
rate ratio o and probability of plasmid loss p, which
are caused by the additional metabolic burdens due
to the higher content of plasmid DNA or plasmid copy
number.
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