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Abstract

In large bioreactors, there is normally a distribution of plasmid copy numbers among the recombinant cells. This has been modelled here
by a Gaussian distribution. For the production of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) byEscherichia coli containing
the plasmid pBR Eco gap, the performances of batch and fed-batch fermentation have been compared for mean copy numbers between 8
and 12 per cell. In both modes of operation, GAPDH activity increased with copy number but biomass concentration decreased, suggesting
that optimum performance may be possible by having a distribution of copy numbers in the starting culture.

Since GAPDH activity per unit biomass attained maximum values at the same point in time (3.12 h) for all copy numbers, the effect
of a Gaussian distribution of copy numbers with different variances on the performance at this time was studied. Fed-batch required
smaller optimum variances than batch fermentation, which allows easier preparation of seed cultures and greater segregational stability in
the former case. Although fed-batch operation also generated larger peak activities of GAPDH, this improvement decreased as the copy
number increased, again indicating an optimum copy number and its variance.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A conventional perception of genetically altered (recom-
binant) bacterial cells in a bioreactor is that they are of
two kinds: those which harbour a plasmid introduced from
another organism and those which do contain this plasmid.
All plasmid-containing cells are considered to have the
same number of copies of the plasmid. This view has, how-
ever, been challenged by recent studies which reveal that a
population of cells may have a distribution of plasmid copy
numbers. On a macroscopic scale, this means that different
fractions of the population may differ in the average number
of plasmids per cell.

While measurements and modelling of copy number dis-
tribution and its effects on bioreactor performance are rel-
atively new, the existence of differences between cells was
recognised long ago when Mitchison and Vincent [1] de-
scribed a distribution in the ages of cells in a population.
Later work [2,3] showed the existence of sub-populations
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differing in plasmid content and in their translational capac-
ities for foreign protein in identical growth conditions. More
direct evidence of a distribution of copy numbers among
cells is available from the work of Byrne [4], Lamotte et al.
[5], and Kuo and Keasling [6]. The former two applied dif-
ferent degrees of selection pressure by varying the concen-
tration of an antibiotic, while Kuo and Keasling employed a
membrane elution technique. All authors obtained cell frac-
tions differing in plasmid content.

Given that cells in a population vary in the plasmid copy
number, the classical approach of attributing the same num-
ber of plasmids to every cell may be an over-simplification.
These models also grossly underestimate the statistically av-
eraged copy number of an ensemble as in the example stud-
ied here [3]. This disparity between measured and predicted
values increases with the size of the reactor because the
broth in a large vessel is more heterogeneous than in a small
reactor. Thus, simplified models validated in the laboratory
become inadequate and even erroneous in production scale
fermentations.

The importance of an accurate description of plasmid dy-
namics is illustrated by the effect of plasmids on cell growth
and product formation. Cells containing only a few copies

1385-8947/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1385-8947(01)00233-9



358 P.R. Patnaik / Chemical Engineering Journal 87 (2002) 357–366

Nomenclature

Physiological phases
(Ac) acetate phase
(Gl) glucose phase

Components
Ac acetate
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
Gl glucose
S substrate
x biomass
YE yeast extract

Variables
a acetate concentration (g l−1)
f regulation function in Eq. (15)
g glucose concentration (g l−1)
gin glucose concentration in the feed

stream (g l−1)
h regulation function in Eq. (16)
kAc(Ac) inhibition constant for growth on

acetate during the acetate phase (g l−1)
kAc(Gl) inhibition constant for growth on

acetate during the glucose phase (g l−1)
km,Ac rate constant (h−1)
km,Gl rate constant (h−1)
kY/Ac inhibition constant for yield fulfilled by

acetate (g l−1)
KAc affinity constant for acetate (g l−1)
KGl affinity constant for glucose (g l−1)
Kh saturation constant of the host

component of plasmid replication (h−1)
mi

Ac coefficient of maintenance on acetate
for cells containingi plasmids (h−1)

mi
Gl coefficient of maintenance on glucose

for cells containingi plasmids (h−1)
mM,Ac maximum coefficient of maintenance

in acetate (h−1)
mM,Gl maximum coefficient of maintenance

in glucose (h−1)
n exponent in equation for plasmid loss

probability
p GAPDH concentration (g l−1)
riAc(Ac) rate of acetate consumption during the

acetate phase by cells containingi
plasmids (g l−1 h−1)

riAc(Gl) rate of acetate production during the
glucose phase by cells containingi
plasmids (g l−1 h−1)

riGAP(Ac) rate of GAPDH production during the
acetate phase by cells containingi
plasmids (U ml−1 h−1)

riGAP(Gl) rate of GAPDH production during the
glucose phase by cells containingi
plasmids (U ml−1 h−1)

riGl(Gl) rate of glucose consumption during the
glucose phase by cells containingi
plasmids (g l−1 h−1)

rix(Ac) rate of formation of biomass during the
acetate phase by cells containingi
plasmids (g l−1 h−1)

rix(Gl) rate of formation of biomass during the
glucose phase by cells containingi
plasmids (g l−1 h−1)

riYE(Ac) rate of yeast extract consumption during
the acetate phase by cells containingi
plasmids (g l−1 h−1)

riYE(Gl) rate of yeast extract consumption during
the glucose phase by cells containingi
plasmids (g l−1 h−1)

R maximum plasmid replication rate
(mg (g biomass)−1 h−1)

x total biomass concentration (g l−1)
xi concentration of sub-population of cells

containingi plasmids (g l−1)
y yeast extract concentration (g l−1)
YGAP/x(Ac) yield of GAPDH per unit biomass

during the acetate phase (U g−1)
YGAP/x(Gl) yield of GAPDH per unit biomass

during the glucose phase (U g−1)
YM,x/Gl(Gl) maximum biomass yield on glucose

during the glucose phase (g g−1)
Ym,x/Gl(Gl) minimum biomass yield on glucose

during the glucose phase (g g−1)
Yx/Ac(Ac) yield of biomass per unit mass of

acetate when growing on acetate
(g g−1)

Yx/Ac(Gl) yield of biomass per unit mass of
acetate when growing on glucose
(g g−1)

Yx/Gl(Gl) biomass yield on glucose during the
glucose phase (g g−1)

YYE/x(Ac) yield as yeast extract consumed per unit
biomass growing on acetate (g g−1)

YYE/x(Gl) yield as yeast extract consumed per unit
biomass growing on glucose (g g−1)

Greek letters
α,β,δ parameters in Eq. (5)
γ constant in equation for plasmid loss

probability
κ exponent of growth inhibition term for

acetate during acetate phase
λ exponent of yield inhibition term by

acetate
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ϕi probability of plasmid loss from cells
containingi plasmids each

µAc specific growth rate of biomass on
acetate (h−1)

µi
Ac specific growth rate of cells containing

i plasmids on acetate (h−1)
µGl specific growth rate of biomass on

glucose (h−1)
µi

Gl specific growth rate of cells containing
i plasmids on glucose (h−1)

µM,Ac maximum specific growth rate on
acetate (h−1)

µM,Gl maximum specific growth rate on
glucose (h−1)

ψ exponent of growth inhibition term for
acetate during the glucose phase

of a plasmid do not have to support a high metabolic load,
and, therefore, there is little effect on their growth rates.
However, the small number of plasmids also results in low
concentrations of the cloned-gene protein. Since the recom-
binant protein is a key inhibitor of cell growth [2,7], a low
concentration of protein is also favourable to growth. How-
ever, this negates a prime objective of a recombinant fer-
mentation, which is to generate large amounts of protein.
Thus, it is necessary to balance the conflicting objectives of
good growth and high protein synthesis.

Either or both of two strategies are employed to achieve
appreciable cell growth as well as protein formation. One
strategy is to operate the bioreactor initially under con-
ditions favouring cell growth and then shift to conditions
promoting protein synthesis. These two phases normally
require different concentrations of substrate (mainly the car-
bon source), which is conveniently controlled by fed-batch
operation. This method has other advantages too [8], and
hence many recombinant fermentations are operated in
fed-batch mode [9–11].

The second strategy is to have an optimum distribution of
plasmid copy numbers such that the cells are neither overbur-
dened with plasmid and plasmid-encoded protein nor have
so few plasmids that protein synthesis is not economically
viable. In a sense, this strategy exploits the natural occur-
rence of a distribution of copy numbers in cell populations
[4–6], and it was the central idea in an earlier work [12],
which forms the basis of this study. Now, if the fermenta-
tion is time-dependent, the optimum distribution should also
vary with time. However, it is practically difficult to ensure
that the distribution of copy numbers in the population of
cells is optimum at all times. So the present work and its
predecessor [12] have the more modest, and feasible, objec-
tive of optimising the starting distribution of copy numbers.

In this study, the performances of batch and fed-batch
fermentations have been compared for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) production by a recom-

binantEscherichia coli strain when: (a) all recombinant cells
have the same number of copies of a plasmid; (b) there is
an optimum distribution of copy number in the bacterial
population. The formation of GAPDH is growth-associated
[13,14]; in view of this and the kinetics described in the
next section, control of the substrate feed rate is crucial in
fed-batch operation.

2. Fermentation description

This study is based on the kinetics of GAPDH production
in batch fermentation byE. coli C600 gal K (ATCC23724)
harbouring the plasmid pBR Eco gap [14]. This plasmid [15]
is derived from pBR322 by insertion of the GAPDH gene
into the tetracyclene gene and therefore the modified strain,
E. coli C600 gal K (GAPDH), is resistant only to ampicillin.
Kinetic studies [13] prior to the modelling effort of Nancib
et al. [14] showed that threonine, leucine and cysteine pro-
moted GAPDH synthesis up to concentrations of 0.3, 0.3
and 0.1 g l−1, respectively, and then had no further effect.
Thiamin was essential for growth, its maximum favourable
concentration being 0.15 g l−1. These aspects and the role of
yeast extract, described below, were considered by Nancib
et al. [14] in designing the culture media.

According to protocols described by the authors [13,14],
the strain was stored in Luria broth at−80◦C, and a com-
plex medium was used for preparing the inoculum and in
the fermentation experiments. Control of pH, temperature,
aeration and agitation are important; El Houtaia et al. [13]
optimised these conditions at pH 7, 37◦C, 1 vvm aeration
rate and 600 rpm stirring speed. Owing to the aqueous
medium and the intense agitation and aeration, diffusion
and mass transfer limitations were assumed to be negligible.
The total cell mass concentration was determined through
optical density measurements at 660 nm, and the percentage
of plasmid-containing cells by replica plating in Luria broth
supplemented with ampicillin. GAPDH activity was deter-
mined from absorbance data at 340 nm for NADH formed
by the method described elsewhere [16]. Based on their
observations, Nancib et al. [14] proposed the mechanism
shown in Fig. 1 for cell growth and product formation. Al-
though a complex medium was used, the kinetics could be
described in terms of the primary carbon source, glucose,
and the acetate by-product when glucose concentration fell
below a threshold value.

Their results showed that the fermentation could be di-
vided into two phases. In the first phase, glucose is utilised
and there is rapid (exponential) growth and GAPDH forma-
tion. Acetate is a by-product of this phase; both acetate and
GAPDH formation are growth-associated. Eventually, when
glucose is depleted substantially (below 0.01 g l−1 in their
experiments), the cells begin utilising acetate as a carbon
source. Yeast extract is required to promote the metabolism
of acetate [17], as illustrated in Fig. 1. Since acetate is an
inhibitor of cell growth, its consumption is useful. However,
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Fig. 1. Schematic diagram of the mechanism of cell growth and product
(GAPDH) formation. Reproduced from Nancib et al. [14] (copyright
Elsevier Science, UK, 1993).

acetate cannot be utilised as soon as it is formed because
glucose is the preferred substrate. Therefore, controlling the
concentration of glucose is a critical aspect of the fermen-
tation, for which fed-batch operation should be preferred.

3. Model development

3.1. Copy number distribution

Lamotte et al.’s [5] studies employing different concen-
trations of ampicillin and those of Kuo and Keasling [6] us-
ing a membrane elution method showed that pBR322 and
plasmids derived from it exist in different copy numbers in
E. coli cells. These results provided experimental support to
the mathematical analysis by Bentley and Quroga [3], who
showed that the plasmid copy numbers in a population of
bacterial cells may be represented by a Gaussian distribution
of the fraction of cell mass versus the copy number. Since
pBR Eco gap is derived from pBR322 [15], such a distri-
bution is more appropriate than considering all recombinant
cells to have the same number of plasmids. Mathematically,
the distribution has the form:

p = 1

σ
√
π

exp

[
− (c − c̄)2

2σ 2

]
(1)

wherep is the probability density of a copy numberc in a
population with a mean copy numberc̄ and a varianceσ 2.

Although the copy number may vary from cell to cell, it is
practically useful to express this in macroscopic form. To do
so, the population may be divided into finite sub-populations
with an average copy number for each sub-group. The sizes
(i.e. variations in plasmid copy number) of the sub-groups

may be chosen according to the accuracy required. In addi-
tion to enabling copy number variations to be incorporated
conveniently into models of cell kinetics, such a repre-
sentation overcomes a limitation in applying a Gaussian
distribution to discrete cells. A Gaussian distribution is a
continuous function whereas a cell may have only an inte-
gral number of plasmids. By using average copy numbers of
sub-populations, this number is allowed to be a non-integer,
thereby satisfying the Gaussian requirement.

To apply Eq. (1) to a group of cells, we have to integrate
it to obtain the standard Gaussian probability distribution:

P(U ≤ u) = 1√
2π

∫ u

−∞
e−W2

dW (2)

whereU = (c − c̄)/σ is a normalised variable.P(U ≤ u)

is the cumulative probability of a population having cells
with plasmids fewer thanc = σu + c̄ in number. For a set
of sub-populations, we divideP(U) symmetrically on either
side ofc into segments of width�c. Then�P1 = {P(U ≤
u2) − P(U ≤ u1)} is the probability of occurrence of a
sub-population with copy numbers betweenc1 = σu1 + c̄

andc2 = σu2 + c̄. If �c is chosen sufficiently small,�P1
approximates a sub-population with a mean copy number
(c1+c2)/2. Generalising this,�Pi represents the cumulative
probability of a sub-population with an average number of
(ci + ci+1)/2 plasmids per cell.

Given a starting culture with a cell mass concentration
x0, the concentrations of cell fractions with different mean
copy numbers are calculated by distributingx0 proportionate
to �Pi [12]. Thus, the initial concentration of cells with a
mean copy number(ci + ci+1)/2:

xi0 = x0�Pi∑M
i=1�Pi

(3)

whereM is the number of intervals into which the range of
copy numbers is divided.

3.2. Cell kinetics and bioreactor model

Nancib et al. [14] proposed a kinetic model for GAPDH
production in batch operation, which considered only two
kinds of cells—some cells were devoid of the plasmid and
others contained the same number of plasmids. Since there
is evidence [3,5,6] for a distribution of plasmid copy num-
bers, their model may be generalised to account for this dis-
tribution. Because control of the substrate concentration in
the bioreactor by varying the feed rate is a key to gener-
ating large amounts of recombinant protein [9–11], Nancib
et al.’s batch reactor model was extended to fed-batch oper-
ation. Since the basis of the rate equations for cell growth,
glucose consumption, GAPDH formation and related pro-
cesses have been explained in detail by Nancib et al. [14],
they are not repeated here and only the generalised version
of their model is presented. However, it may be remembered
that growth occurs on both glucose and the by-product ac-
etate. In a batch experiment, consumption of acetate starts
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after the concentration of glucose has become smaller than
0.01 g l−1 [14]. Whether and, if so, how often this happens
in a fed-batch experiment depends on the initial conditions
and the rate of supply of glucose. This aspect has been inves-
tigated for fermentations with only one kind of cells through
a cybernetic approach [18,19]; its applicability to systems
with two or more types of cells, as in a recombinant fermen-
tation, remains to be investigated and is outside the scope
of this work.

3.2.1. Kinetics

3.2.1.1. Glucose phase. Cell growth in this phase follows
saturation kinetics with respect to glucose and it is inhibited
by acetic acid. When all recombinant cells have the same
number of copies of the plasmid, Nancib et al. [14] expressed
the specific growth rate as

µGl =
[
µM,Glg

KGl + g

] [
1

1 + {a/kAc(Gl)}ψ
]

(4)

Since the (mean) copy number differs from one sub-
population of cells to another, so will their specific growth
rates. Unlike the majority of plasmids inE. coli, pBR322
and its derivatives promote the specific growth rate as the
copy number increases [20,21]. Among the models avail-
able for this kind of dependence, the model proposed by
Satyagal and Agarwal [22] has been shown [23] to be the
most satisfactory. This model has the form:

µ = α

β + c
− δ (5)

wherec is the copy number. Sinceα, β andδ are fitted pa-
rameters, the specific growth rate of a sub-population withi
plasmids per cell may be expressed as the product of Eqs. (4)
and (5) [3]:

µi
Gl=

[
α

β + ci
− δ

] [
µM,Glg

KGl + g

] [
1

1 + {a/kAc(Gl)}ψ
]

(6)

Using this equation, the rate of growth of this sub-population
is simply

rix(Gl) = µi
Glxi (7)

The rate of glucose consumption is the sum of the require-
ments for growth and maintenance.

riGl(Gl) = rix(Gl)

Yx/Gl(Gl)
+mi

Glxi (8)

Since acetate inhibits growth in the glucose phase, this is
accommodated in a yield coefficient dependent on acetate
concentration.

Yx/Gl(Gl) = Ym,x/Gl(Gl)+ YM,x/Gl(Gl)− Ym,x/Gl(Gl)

1 + {a/kY/Ac}λ
(9)

Nancib et al.’s [14] data showed that the maintenance coef-
ficient decreased hyperbolically as the specific growth rate

increased. They expressed this variation in the simple
form:

mi
Gl = mM,Gl

1 + µi
Gl/km,Gl

(10)

The rates of acetate formation, consumption of yeast extract
and formation of GAPDH may be written in a manner similar
to Eq. (8), but without the maintenance term.

riAc = rix(Gl)

Yx/Ac(Gl)
(11)

riYE(Gl) = rix(Gl)YYE/x(Gl) (12)

riGAP(Gl) = 10−3rix(Gl)YGAP/x(Gl) (13)

Eqs. (6)–(13) have generalised the model of Nancib et al.
[14] by expressing individual rates for each fraction of the
recombinant cell population. Thus,i = 1,2, . . . ,M here,
and for the acetate phase, withM being the number of frac-
tions (based on the copy number distribution).

3.2.1.2. Acetate phase. The rate of growth is similar to
that in the glucose phase.

rix(Ac)=µi
Acxi

=
[

α

β + ci
− δ

] [
µM,Aca

KAc + a

] [
fhxi

1 + {a/kAc(Ac)}κ
]

(14)

The main difference between this equation and Eq. (6) is
by the introduction of two more parametersf and h. They
express the dependence of growth on yeast extract and glu-
cose, respectively. Since growth on acetate occurs only if
yeast extract is present

f =
{

1 if y > 0 g l−1

0 if y = 0 g l−1
(15)

h is a switching parameter to express the observation that
cells begin to use acetate for their growth only after glucose
concentration has fallen below a threshold value, which was
0.01 g l−1 in Nancib et al.’s [14] studies. Thus,

h =
{

1 if g ≤ 0.01 g l−1

0 if g > 0.01 g l−1
(16)

Since the utilisation of acetate is a consequence of growth,f
andh also enter this rate equation, which is otherwise similar
to that for glucose.

riAC(Ac) =
[

rix(Ac)

Yx/Ac(Ac)
+mi

Acxi

]
fh (17)

The maintenance coefficient has the same hyperbolic form
as Eq. (10), and the rates for yeast extract consumption and
GAPDH formation are similar to the glucose phase.

mi
Ac = mM,Ac

1 + µi
Ac/km,Ac

(18)
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riYE(Ac) = rix(Ac)YYE/x(Ac) (19)

riGAP(Ac) = 10−3rix(Ac)YGAP/x(Ac) (20)

3.2.2. Reactor model

3.2.2.1. Batch operation. For each sub-population, a mass
balance may be written identical to that of Nancib et al. [14].

dxi
dt

= (1 − ϕi)µixi, i = 1,2, . . . ,M (21)

Hereϕi is the plasmid loss probability, which may be ex-
pressed as [24].

ϕi = γ

[
µi − R

(µi/Kh)
n

1 + (µi/Kh)n

]
(22)

andµi = µi
Gl + µi

Ac is the overall specific growth rate of
the sub-population.

Plasmid-free cells arise from plasmid-harbouring cells
through segregational loss of plasmids (Eq. (22)) and also
grow on their own. Therefore, their net rate of formation is

dx0

dt
=

M∑
i=1

ϕiµixi + µ0x0 (23)

where the subscript 0 signifies the absence of plasmid. In the
absence of any independent study ofµ0, this was expressed
similar to Eqs. (6) and (14) by settingci = c0 = 0.

The rates of change of glucose, acetate, GAPDH and yeast
extract are the sums of the contributions from theM recom-
binant sub-populations and the plasmid-free sub-population.

dg

dt
= −

M∑
i=0

riGl(Gl) (24)

da

dt
=

M∑
i=0

riAc(Gl)−
M∑
i=0

riAc(Ac) (25)

dp

dt
=

M∑
i=1

riGAP(Gl)+
M∑
i=1

riGAP(Ac) (26)

dy

dt
= −

M∑
i=0

riYE(Gl)−
M∑
i=0

riYE(Ac) (27)

The total biomass concentrationx at any time is evidently

x =
M∑
i=0

xi (28)

Note that the indexi = 0,1, . . . ,M in Eqs. (24), (25) and
(27), buti = 1,2, . . . ,M in Eq. (26). This difference arises
because cells devoid of the plasmid(i = 0) do not synthesise
GAPDH but they still grow, consume glucose and produce
acetate (see Fig. 1).

3.2.2.2. Fed-batch operation. The mass balances follow
directly from Eqs. (21) and (24)–(27) by adding the flow
terms.
dxi
dt

= (1 − ϕi)µixi − Qxi
V

, i = 1,2, . . . ,M (29)

dx0

dt
=

M∑
i=1

ϕiµixi + µ0x0 − Qx0

V
(30)

dg

dt
= Q(gin − g)

V
−

M∑
i=0

riGl(Gl) (31)

da

dt
=

M∑
i=0

riAc(Gl)−
M∑
i=0

riAc(Ac)− Qa

V
(32)

dp

dt
=

M∑
i=1

riGAP(Gl)+
M∑
i=1

riGAP(Ac)− Qp

V
(33)

dy

dt
= −

M∑
i=0

riYE(Gl)−
M∑
i=0

riYE(Ac)− Qy

V
(34)

dV

dt
= Q (35)

4. Results and discussion

Using data from Nancib et al. [24] and the method de-
scribed by Bentley and Quroga [3], plasmid copy numbers
were determined to be between 8.49 and 12.04. These were
regressed to Eq. (5) and the values ofα, β andδ, together
with those of other parameters reported by Nancib et al. [14],
are listed in Table 1. For convenience and to enable compar-
ison with earlier work [12], the population of recombinant
cells was divided into five groups with mean copy numbers
of 8–12.

There are two approaches to determine the best
time-dependent feed rate. One approach relies on the nature
of the bioreactor model (including cell kinetics) and of the
profiles of the specific rates (for growth, production forma-
tion and substrate consumption) as functions of the substrate
concentration. Hamiltonian methods [25] and dynamic pro-
gramming [26], which have been commonly used, are of
this kind. However, these methods are computationally ex-
pensive when there are many variables, as in the model
presented in this paper, and do not always lead to stable
solutions or a global minimum [27]. Genetic algorithms
[27,28] overcome the convergence problems, but they have
not yet been adequately tested for their computational supe-
riority and ease of on-line implementation. This limitation
is illustrated by the hybridoma reactor studied by Roubos
et al. [27], where dynamic programming was faster than a
genetic algorithm in some situations but slower in others.

Ease of implementation is an important consideration for
production scale bioreactors, where hardware and economic
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Table 1
Values of the parametersa

Parameter Units Value

f – 0 or 1
gin g l−1 10
h – 0 or 1
kAc(Ac) g l−1 4.0
kAc(Gl) g l−1 4.0
km,Ac h−1 0.07
km,Gl h−1 0.12
kY/Ac g l−1 1.986
KAc g l−1 20.0
KGl g l−1 0.7
Kh h−1 0.118
mM,Ac h−1 0.07
mM,Gl h−1 0.34
n – 1.8
V0 mg (g cell)−1 h−1 0.215
YGAP/x (Ac) U g−1 13.460
YGAP/x (Gl) U g−1 13.460
YM,x/Gl(Gl) g g−1 3.0
Ym,x/Gl(Gl) g g−1 0.4
Yx/Ac(Ac) g g−1 2.0
Yx/Ac(Gl) g g−1 2.3
YYE/x (Ac) g g−1 4.5
YYE/x (Gl) g g−1 0.31
α h−1 102.5
β – 20.5
δ h−1 2.92
γ – 0.0015
λ – 2.242
κ – 2.5
µM,Ac h−1 0.7
µM,Gl h−1 1.0
ψ – 2.5

a All values except those ofα, β andδ were taken from Nancib et al.
[14]. The values ofα, β andδ were obtained by regressing equation (5).

limitations may require compromising the theoretically
highest possible productivity of the recombinant protein so
as to gain in stability and sensitivity [29]. For the parameter
values in Table 1, the specific growth rate and the spe-
cific rate of formation of GAPDH have strongly non-linear
profiles (not shown), and the former has an uncommon
bimodal distribution. Any optimisation method must ac-
count for such features over a range of copy numbers
with Gaussian distributions. For such complex problems,
Montague and Ward [30] recommended a sub-optimal
approach using the chemotaxis algorithm [31]. Here the
feed rate is expressed empirically as a polynomial function
of time:

Q =
N∑
j=0

aj

(
t

tf

)j

(36)

where tf is the time at which the fermentation is stopped.
The number of termsN and the values of the coefficientsaj
are determined through random number generations, similar
to but in a more simple manner than in a genetic algorithm
[27]. Eq. (36) also makes the feed rate a direct function of

Fig. 2. Variation of biomass concentration with time when all cells have the
same initial number of plasmids (indicated against the plots). Continuous
lines are for batch operation and broken lines are for fed-batch. Initial
concentrations:a = 1.2 g l−1; g = 10 g l−1; p = 10 U ml−1; x = 0.5 g l−1;
y = 5 g l−1.

time, thereby making on-line implementation easier than in
model-dependent methods [25,26].

Eqs. (4)–(36) do not permit analytical solutions; they
were therefore solved numerically by a fourth-order
Runge–Kutta–Gill method with variable step-size. Fig. 2
shows the variation in biomass concentration for a popula-
tion of cells with a uniform copy number. They could be
either a homogeneous population, as assumed by Nancib
et al. [14,24], or a slice of a heterogeneous population. This
interpretation also applies to Figs. 3 and 4, which are for
GAPDH. The plots in Figs. 2 and 3 reach saturation values
for both batch and fed-batch operations. The onset of this
constant region signifies the depletion of glucose below
the critical concentration (0.01 g l−1 in Nancib et al. [14])
and utilisation of acetate, the latter being promoted by the
presence of yeast extract [17].

There are two important differences between Figs. 2 and
3. First, with increasing copy number the biomass concen-
tration decreases (Fig. 2), but GAPDH activity increases
(Fig. 3). Cells with a few copies of a plasmid support a
lower metabolic load than those with a high copy number
and therefore have higher growth rates. This difference in
metabolic demand is largely due to less protein synthesis
when the copy number is small [21]. However, since protein
synthesis is a key requirement, sufficiently large copy num-
bers are required. The second difference is that improvement
of cell growth though fed-batch fermentation varies inversely
with the copy number, while improvement of GAPDH pro-
duction increases with the copy number. This difference too
may be explained in a similar manner. What these two dif-
ferences imply is that a high protein synthesis rate may have
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Fig. 3. Variation of volumetric GAPDH activities with time when all cells
have the same initial number of plasmids. Other features are the same as
explained in Fig. 2.

to be offset against a high growth rate; since they require
different regions of a spectrum of copy numbers, the fer-
mentation is optimised by a distribution in the copy number.

The opposing effects of high protein synthesis and low
growth rate of biomass result in the interesting profiles of
GAPDH activity per unit biomass shown in Fig. 4. Ini-
tially the rate of GAPDH formation exceeds the growth
rate. However, eventually the metabolic load exerted by
the recombinant protein becomes unsustainable [21]. This

Fig. 4. Variation of GAPDH activities per unit biomass as fermentation
progresses and all cells have the same number of plasmids at the start.
Other features are as explained in Fig. 2.

results in reduced synthesis capability; although the growth
of biomass also slows down, this adds to the existing
biomass, thereby reducing the GAPDH concentration.
Hence, GAPDH activity rises initially but declines later,
thereby passing through peak values during the course of
fermentation. The coincidence of the occurrence times of
the maxima implies that at any instant of time therelative
rates of GAPDH formation and biomass growth are the
same for all copy numbers even though theabsolute rates
are different. Since there are no reports yet of such stud-
ies for other recombinant fermentations, it is not known
whether the latter feature is true of all plasmids inE. coli or
depends on the nature of the plasmid vis-a-vis the host cell.

A common time for the peaks is, however, convenient for
bioreactor operation and to study the effect of copy num-
ber variance. This was done earlier [12] for batch fermen-
tation, and it was shown that for each copy number there
is an optimum variance that maximises�-galactosidase ac-
tivity at the time of occurrence (3.12 h from the start) of
the peaks in Fig. 4. A similar analysis was carried out here
for fed-batch fermentation. To each copy number in the set
[8–12], a Gaussian distribution around this mean value and
a variance between 0 and half of the mean was applied. The
upper end of the variance was chosen from experience such
that it was large enough to ensure that the optimum variance
was within this range. This is substantiated by the results in
Fig. 5, where the optimum variance for batch and fed-batch
operations are compared.

Regardless of whether GAPDH activity is maximised per
unit volume of the broth or per unit mass of cells, the op-
timum variance for fed-batch operation is smaller than for
batch operation at all copy numbers. This has an impor-
tant practical implication. As suggested before [12], the op-
timum distribution of copy numbers may be applied to a
bioreactor by discretising it into finite segments along the
copy number axis. Then inocula with copy numbers equal
to the mean value of each segment may be prepared and
these sub-cultures may be combined to obtain the final seed
culture. The smaller is the required variance of the copy
number, the fewer are the segments into which it needs to

Fig. 5. Optimum variances for different plasmid copy numbers for batch
and fed-batch fermentations: (a) GAPDH in U/(ml broth); (b) GAPDH
in U/(mg biomass).
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Fig. 6. Percentage increase in the peak GAPDH activity achieved by
fed-batch fermentation over batch fermentation at different plasmid copy
numbers. The circles are for fermentations with the same initial copy
number for all the cells and the triangles are for optimum copy number
variance among the cells.

be divided so as to obtain a good approximation of the
continuous Gaussian distribution. From this perspective, in-
ocula with distributed copy numbers are easier to prepare
for fed-batch fermentation and are closer to the optimum
distribution than is the case for batch fermentation. A small
variance also favours retention of plasmid stability during
cell division [32].

In addition to this starting advantage, fed-batch also
generates more GAPDH activity than batch fermentation
does. Since the GAPDH profiles for batch fermentation
have already been published [12], Fig. 6 shows the extents
of improvement possible through fed-batch. The activity is
enhanced significantly throughout the range of copy num-
bers, regardless of whether all recombinant cells in the seed
culture have the number of plasmids or there is an optimum
variance of copy numbers. Although the extent of improve-
ment increases with the copy number in both situations,
this is moderated by other observations. The superiority of
fed-batch over batch operation is lower for GAPDH activ-
ity per unit cell mass than it is per unit volume of broth,
and it decreases as the copy number increases (because
corresponding pairs of points approach each other). Thus,
while results for uniform copy numbers (Fig. 4) suggest that
fed-batch operation becomes more favourable as the copy
number increases, the additional benefit of an optimum
starting distribution reduces with increasing copy number.
Similar to the trade-off between cell growth and GAPDH
synthesis, the optimum copy number (and its distribution)
for which fed-batch is the best choice thus involves balanc-
ing the improvements shown in Figs. 4 and 6. This is an
economic consideration.

5. Concluding remarks

Although demarcation of cells into plasmid-free ones and
plasmid-bearing cells with the same number plasmids in
each cell is a simple approach, in recombinant fermentations
carried out on a realistic scale there is actually a distribution
of plasmid copy number among the cells. This study anal-
ysed the role of such a distribution on the performance of
a bioreactor operated in batch and fed-batch modes. Based
on prior work [5,6], a Gaussian distribution was employed
for ensemble averaged copy numbers between 8 and 12.

Without a distribution in the starting copy number,
fed-batch fermentation generated more biomass and
GAPDH activity than batch fermentation did. In both the
cases, larger copy numbers resulted in less growth and more
GAPDH synthesis. This observation suggests that it may be
necessary to counter-balance a high growth rate and a high
protein synthesis rate in choosing an optimum plasmid copy
number. The optimum copy number is subject to metabolic
limitation because too large a plasmid load may eventually
become unsustainable [2,21].

Of particular interest was the result that when GAPDH
activity was expressed on the basis of cell mass, it attained
maxima at about the same time (3.12 h) for all copy numbers.
These maxima were further increased by applying Gaus-
sian distributions to the copy numbers. For batch as well as
fed-batch fermentations there was an optimum variance for
each value of the average copy number of the initial popu-
lation of cells. This optimum decreased as the copy number
increased and the variances for fed-batch fermentation were
always smaller.

The smaller variances required for large copy numbers
and for fed-batch operation have two advantages. They al-
low easier preparation of seed cultures, as explained in Sec-
tion 4, and they provide greater segregational stability [32].
The benefit of fed-batch fermentation with a distributed copy
number is, however, moderated by the observation that the
incremental benefit over that possible through batch fermen-
tation decreases with increasing copy number.

It will be of interest to investigate whether optimum vari-
ances and the relative performances of fed-batch and batch
fermentations observed for pBR Eco gap inE. coli are spe-
cific to high copy number plasmids or are also true for low
copy numbers. Apart from differences in their effects on cell
growth and protein synthesis [2,21,23], these two classes of
plasmids also differ in their replication patterns. The replica-
tion of low copy number plasmids is tuned to the cell cycle
while plasmids which are present in many copies replicate
exponentially throughout the division cycle [6]. This differ-
ence is thought to be one reason for the high segregational
stability of low copy plasmids. This study shows that, for
pBR Eco gap, fed-batch fermentation requires a lower vari-
ance of the copy number, which also contributes to plasmid
stability. Now, this plasmid is derived from pBR322 [15],
whose replication is not synchronised with the cell cycle
[20]. Therefore, it is relevant to ask whether a distribution
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in copy number will also favour fermentations employing
plasmids with cell-cycle specific replication, which are in-
herently more stable. Since a distribution in plasmid copy
number is a natural feature of large scale fermentations, the
questions raised here are important in determining how a
bioreactor should be operated best under realistic conditions.
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