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Technological advancement in molecular biology techniques has proved to be useful in successful over-
expression of recombinant proteins. However, one of the major issues of concern is the instability of
recombinant plasmid when the recombinant hosts are grown without selection pressure. Current study
proposes a correlation between segregational instability and plasmid size. In order to explain the seg-
regational instability, existing mathematical model have been used. Four different recombinant vectors
lasmid instability
andom segregation
eplica plating
epeated batch

pET29b, pET32b, pET43b and pCS22, all having 1.5 kb �-amylase gene (amyE) insert from Bacillus amy-
loliquefaciens were used in the study. Culture when grown in repeated batch without suitable selection
pressure showed plasmid free cells generating from plasmid bearing cells. Segregational instability of
2.2 × 10−3 and 1.4 × 10−3 per generation was observed with pET43b-amyE plasmid and pCS22-amyE plas-
mid respectively. This is the first report on segregational instability of commercially available vectors.
A mathematical correlation has been proposed between plasmid size and rate of segregational loss per
generation (R).
. Introduction

E. coli has been the workhorse for the production of various
ecombinant products that are commercially important. Many dif-
erent expression vectors are available for efficient production of
ecombinant proteins and they differ from one another in vari-
us vector characteristics such as size, promoter, fusion tag and
election marker. Often, the recombinant system encounters cer-
ain issues that make the overall process of protein production
neconomical. One such issue of major concern is plasmid insta-
ility [1]. Plasmid instability can be either structural instability or
egregational instability [2]. Structural instability can arise due to
eletion, insertion, point mutation or the involvement of trans-
osons and is not very common. Previous studies using mutant
ost (rec−) have shown success in improving structural instability
f some such vectors [3].

.1. Plasmid segregational instability
The major cause of plasmid loss from a growing recombinant
ell population is segregational instability [4]. Plasmid instability
r plasmid loss is the result of additional metabolic loads imparted
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by the vectors on host cells. High copy number plasmid vectors are
segregated among daughter cells by random segregational mecha-
nism during cell division and resulting daughter cells may receive
unequal number of vectors from the parent cell [5]. The presence of
an external selection pressure, such as use of antibiotics, permits the
growth of plasmid bearing cells only and thereby maintains homo-
geneity of the recombinant cell population [2]. However, the use of
antibiotic is not usually feasible for two reasons: cost of antibiotics
and regulatory issues regarding contamination of final product [6].
In the absence of any external selection pressure, plasmids may
dilute out from the daughter cells in subsequent generations lead-
ing to a heterogeneous population of plasmid bearing and plasmid
free cells.

1.2. Mathematical model for plasmid instability

Different mathematical models and probability based
approaches were designed to explain plasmid instability in
recombinant cell population [7–11]. However, some of them are
based on such experimental parameters which are often difficult

to analyze experimentally [9]. Current study focuses on the seg-
regational instability of some of the commonly used expression
vectors in repeated batch. Results were interpreted based on math-
ematical models proposed by Cooper et al. [7] and Imanaka and
Aiba [8].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:subhashc46@hotmail.com
dx.doi.org/10.1016/j.cej.2009.06.015
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. Materials and methods

.1. Bacterial strains and plasmid

The strain Bacillus amyloliquefaciens MTCC 610 was obtained
rom Microbial Type Culture Collection, Institute of Microbial Tech-
ology, India (Chandigarh, India) and was used as the source of
.5 kb �-amylase (amyE) gene. Repeated batch studies were per-
ormed in shake flasks using E. coli BL21(DE3). Different expression
ector used in current study were pET29b, pET32b, pET43b (Invit-
ogen) and pCS22 [12]. Detailed strategy of cloning amyE gene has
een reported elsewhere.

.2. Chemicals and reagents

All the chemicals and reagents were purchased from Sigma
Sigma–Aldrich), Merck (Germany) and HiMedia (India) except
hen otherwise noted.

.3. Medium and growth conditions

All cultures were grown and maintained in LB medium. B. amy-
oliquefaciens was grown at 37 ◦C in conical flask with shaking at
00 rpm. Repeated batch studies were carried out in shake flask and
ll the recombinant systems were grown without antibiotics. Initial
reinoculum of all recombinant systems was prepared using their
espective glycerol stocks and recombinant cultures were grown in
B medium with suitable antibiotics. Four batches were studied for
ach recombinant system with culture from previous batch being
sed as inoculum for the next batch.

.4. Instability analysis of plasmid vector

Replica plating method was used to analyze plasmid instabil-
ty by the method of Lechevalier and Corke [13]. By comparing

he number of viable colonies on LB agar plate, with and with-
ut antibiotics, fraction of plasmid containing cells were analyzed
nd reported. All the studies in the current thesis were carried out
n triplicate and experimental results represent the mean of three
xperimental studies.

ig. 1. Plasmid instability analyzed by replica plating in repeated batch culture for 42 h. (–
n N (plasmid bearing cells); (A) E. coli/pET29(b)-amyE; (B) E. coli/pET32(b)-amyE; (C) E. c
ring Journal 153 (2009) 227–230

3. Results and discussion

3.1. Plasmid loss studies in repeated batch culture

Reason for incorporating amyE gene into different expression
vectors is to consider the metabolic load imparted on recombi-
nant system due to gene insert and their leaky expression (data
not shown) which further increases the load on the system. Rea-
son for growing the culture for four subsequent batches was to
adapt the culture to antibiotic free environment and enabling
the generation of plasmid free cells. Fig. 1 shows progressive
reduction in plasmid bearing cells when grown in repeated batch
without any supplementation of selection pressure. Fig. 1(A–D)
shows the segregational instability of plasmid with time. Plas-
mid pET43b-amyE being largest in size shows maximum instability
among all vectors under study. After 42 h of studies, almost 60%
of the cells were free from pET43b-amyE while around 35% of
the recombinant cells were free from pCS22-amyE. This shows
that plasmid size has a role to play in segregational instability
by affecting the metabolic load on the host [3,14]. System with
higher metabolic load tends to loose plasmid at a much faster
rate.

3.2. Plasmid segregational instability

Segregational instability was interpreted using model proposed
by Cooper et al. [7]. The model is based on assumptions that over-
all causes of plasmid instability are described by the segregational
instability of plasmid R (i.e. rate at which plasmid free cells are gen-
erated from plasmid bearing cells) and the growth rate difference
d� (i.e. the difference between plasmid free and plasmid bearing
cells).

Thus assuming R and d� are constant at time t, the plasmid free

proportion (p ) of a microbial population is

(p ) = (p 0 · d� + R)e(d�+R)t − R(1 − p 0)
(p 0 · d� + R)e(d�+R)t + d�(1 − p 0)

(1)

�–) Fraction of plasmid bearing cell generated during repeated batch studies; (–�–)
oli/pET43(b)-amyE; (D) E. coli/pCS22-amyE.
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Table 1
Analysis of plasmid instability based on mathematical models proposed by Cooper et al. [7] and Imanaka and Aiba [8].

Recombinant system Plasmid size (kb) na Specific growth rate difference (d�) (gen−1) ˛b (R)c (gen−1)

Theoretical (based on model) Experimental

E. coli/pET29(b)–amyE 6.94 79 0.021 0.00 1.00 1.9 × 10−3

E. coli/pET32(b)–amyE 7.45 75 0.028 0.07 1.17 1.9 × 10−3

E. coli/pET43(b)–amyE 8.76 86 0.017 0.04 1.02 2.2 × 10−3

E. coli/pCS22–amyE 6.6 63 0.037 0.10 1.10 1.4 × 10−3
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a Number of generations of plasmid free cells in 42 h.
b The ratio of specific growth rates of plasmid free to plasmid bearing cells.
c Segregational instability calculated based on mathematical model.

here p 0: value of p at time t = 0; t: time (in generations). Assum-
ng p 0 � 1,

p ) = (p 0 · d� + R)e(d�+R)t − R

(p 0 · d� + R)e(d�+R)t + d�
(2)

Based on experimental observations, three conditions are
xpected

a) d� � R,
b) d� ≤ R and
c) negative growth rate difference of magnitude greater than seg-

regational instability (d� < 0; |d�| � R).

Another parameter important to mention is ‘˛’ [8] which is the
atio of plasmid free to plasmid bearing cells. Since the experimen-
al observation shows the value of ˛ to be close to 1 for different
ecombinant systems (Table 1), it can be assumed that condition
a) from Cooper’s model will be best suited for interpretation of
esults.

p ) ≈
(

p 0
R

d�

)
ed�·t − R

d�
(3)

Fig. 1(A–D) shows that p 0 = 0

p ) ≈ (ed�·t − 1)
R

d�
(4)

n(p ) = d� · t − ln
(

d�

R

)
(5)

Based on experimental observation, plot of ln (p ) versus t (num-
er of generations of plasmid free cells) was used to calculate the
egregational instability of vector per generation (R) and growth
ate difference (d�) of plasmid free and plasmid bearing recombi-
ant cells.

The segregational instability shows a direct correlation with
lasmid size and was found to increase with increase in plasmid
ize (Table 1). This can be explained by the fact that presence of
lasmid increases metabolic load on host [15]. When such recom-
inant hosts are grown in the absence of selection pressure, plasmid
ree cells starts generating that compete with plasmid bearing cells
or available nutrient in the medium and in subsequent genera-
ions, they outgrow recombinant cells [1,3]. This can further be
onfirmed with the ratio of specific growth rates of plasmid free
o plasmid bearing cells (denoted as ˛) for all the recombinant
ystems under study [8]. The value of ‘˛’ was equal to or greater
han unity showing equal competence of plasmid free cells as that
f plasmid bearing cells resulting in heterogeneous population.
he difference in specific growth rates of plasmid free to plasmid
earing cells in heterogeneous population (d�) also confirmed the
act that specific growth rate of plasmid free cells is higher due
o relatively less metabolic load as compared to plasmid bearing
ells. Segregational instability was lowest for the smallest vector
CS22-amyE (1.4 × 10−3 gen−1) while highest for pET43b-amyE vec-
or (2.2 × 10−3 gen−1). This shows that as the size of DNA increases,
Fig. 2. Curve fitting data showing a quadratic correlation between segregational
instability (R) and plasmid size (kb).

the stress on cells for maintenance of such vectors also increases,
resulting in the lose plasmids when grown without any external
pressure. The data is in agreement with previous reports making
correlation between plasmid size and metabolic burden on the host
[16].

A mathematical correlation between size of plasmid (l) and
segregational instability (R) was proposed based on experimental
results using MATLAB (ver. 7.4.0.287). Results show a quadratic cor-
relation between plasmid size and segregational instability. Fig. 2
shows the curve fitting data and its correlation with calculated data.
The quadratic correlation between R (segregational instability) and
plasmid size (l) can be explained by the mathematical equation

R = −0.21 × 10−3(l)2 + 3.5 × 10−3(l) − 13 × 10−3 (6)

The graphical correlation shows experimental observation to be
closed to 20% of the predicted values. Based on the mathemati-
cal equation plasmid size at which segregational instability will be
around zero is 4.67 × 10−3 kb. In the absence of any plasmid, seg-
regational instability will be almost close to zero. In current study
instability has been studied only during recombinant cell growth
and not during protein expression which is reported to be a higher
energy driven process than plasmid maintenance and exert higher
metabolic load on cells than plasmid maintenance [17]. However
for successful protein expression it is important to have a homoge-
neous high density culture of recombinant cell population and has
been focused in current research.

4. Conclusion
This is the first report on analyzing the segregational instabil-
ity of commonly used expression vectors with amyE gene insert.
Comparison between experimental observations and mathemat-
ical interpretations of growth rate difference (d�) shows similar
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rend. This is the first report that gives a new insight to correla-
ion between plasmid size and segregational instability. A quadratic
orrelation was observed between size of plasmid and fraction
f plasmid free cells. However, role of other cellular parameters
nd vector characteristics are not ruled out. Further studies are
nderway to evaluate the metabolic load imparted on different
ecombinant systems by these vectors with a focus on provid-
ng solution to vector instability using different biochemical and
enetic strategies.
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