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A plasmid vector pBK2 was tested for maintenance in Corynebacterium acetoacidophilum and found to be 100% 
stable for 90 generations. In co-culture experiments in absence of any selection pressure it was able to cause 
washout of plasmid free cells. Deletion mutagenesis of the plasmid was done to identtfi the regions of DNA 
responsible for its stable maintenance. This led to the identification of a region of DNA in pBB1, an endogenous 
plasmid used in the construction of pBK2, which is responsible for providing a growth rate advantage to the 
plasmid containing cell in co-culture with plasmid-free cells. To explain this observed stability we postulate the 
production of a “growth-inhibiting factor” by the plasmid-containing cells. Inclusion of a death rate term for the 
plasmid free cells in the computer simulation of the growth kinetics in a chemostat successfilly predicts, 
depending upon the magnitude of the kinetic parameters, a stable coexistence of the two or washout of the 
plasmid-free cells, an observation that matches the experimental data. Because of its stable maintenance and its 
ability to select against plasmid-free cells this host-vector system is a natural candidate for cloning and use in 
large-scale fermentations 
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Introduction 

Recently, recombinant-DNA techniques have been applied 
to construct vectors for Corynebacteria, an industrially im- 
portant Gram-positive bacteria.‘** The usefulness of these 
techniques has been demonstrated by successfully cloning 
the genes coding for the enzymes that are rate limiting in the 
production of various amino acids. This has led to the over- 
production of the amino acid concemed.3 However, the 
scale-up of these recombinants to an industrial scale re- 
quires that the recombinant be stably maintained in the cul- 
ture. 

Stability studies which thus form an essential prerequi- 
site for the commercial exploitation of the recombinant are 

Address reprint requests to K. B. Ramacbandran, Professor of Biochemical 
Engineering, Department of Chemical Engineering, University of Malaya, 
59100 Kuala Lumpur, Malaysia 
Received 26 April 1994; revised 12 December 1994; accepted 13 Decem- 
ber 1994 

lacking in Corynebacteria. Stability studies have been con- 
ducted in various microorganisms.@’ However, the most 
extensively studied host has been Escherichia coli. The 
methods for stabilizing plasmids range from modifying the 
genetic parameters such as introducing the “partition lo- 
cus” or auxotrophic markers to changing the environmental 
parameters such as the pH, dissolved oxygen, temperature, 
and dilution rate. Various bioreactor opeirations including 
batch, fed-batch, continuous, two-stage, and immobilization 
have also been used to enhance stability.’ Most of these 
methods are applicable only to specific host-vector systems, 
which underscores the need to discover the specific features 
of stability of new host-vector systems. 

We earlier reported the construction of a vector pBK2 
that replicates efficiently in a range of coryneforms, and 
studied its stability in Brevibacterium lactsfermentum.8 The 
effect of environmental parameters on stability and plasmid 
copy number were also studied. Continuous culture experi- 
ments with B. lactofermentum cells contaiming plasmid over 
several generations showed a low probability of plasmid- 
free cells arising in the medium. However, co-culture ex- 
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periments showed that once plasmid-free cell arise in the 
culture, the plasmid-containing cells will not be able to 
compete with the plasmid-free cells because of the growth 
rate advantage of the plasmid-free cells over the plasmid- 
containing ones. 

Because pBK2 was found to be unstable in B. lactofer- 
mentum in co-culture experiments, we decided to investi- 
gate its stability characteristics in Corynebacterium aceto- 
acidophilum for the study reported here. We chose C. ace- 
toacidophilum because pBK2 was found to replicate in this 
host as well. The present article discusses the behavior in 
continuous cultivation of the plasmid pBK2 in co-culture in 
C. acetoacidophilum. It also analyzes the effect of removal 
of certain DNA segments of the plasmid on its stability. 

Materials and methods 

Bacterial strains and plasmid 

Corynebacterium acetoacidophilum ATCC 21416 and E. coli 
JM109 were from our own stock culture. Plasmid pBB1 is an 
endogenous cryptic plasmid of B. Zactofermentum. The construc- 
tion of plasmid pBK2 has been reported earlier.* Plasmid 
pGEM7Zf(+) was obtained from M/s. Promega Corp. (Madison, 
WI). 

Media 

Luria Broth (LB) containing tryptone l%, yeast extract 0.5%, and 
NaClO.5% at pH 7.2 to 7.5, was used as the cultivation medium in 
all experiments. 

Construction of vector pBK.5 a-e by 
deletion mutagenesis 

Plasmid pBK2 was partially digested by Hi&III and ligated to 
Hi&III digested pGEM7Zf(+) to get a shuttle vector designated 
pBKSa, which can transform E. cob and other coryneforms. The 
orientation of the inserted pBK2 was checked by SmaI digestion. 
This restriction enzyme has two sites, one in the multiple cloning 
site (MCS) of pGEM7Zf(+) and another in the kanamycin resis- 
tance gene. The relative size of the two fragments generated by this 
digestion gave us the orientation of pBK2. The clone containing 
the orientation as shown in Figure 1 and designated pBK5a was 
chosen for deletion mutagenesis. For this, plasmid pBK5a was 
digested to completion by EcoRI and Apal, with both sites being 
present only in the MCS of pGEM7Zf(+). The deletion mutagen- 
esis was then carried out by nested deletion, using Erase-a-base kit 
of Promega. The deletion derivatives obtained by terminating the 
reaction at various time points were ligated and used to transform 
competent E. coli cells. Plasmid DNA from the E. coli clones 
representing the deletion mutants of the first five time points were 
used to transform C. acetoacidophilum. These were labeled pBK5a 
to pBK5e (Figure lb). 

Growth rate measurements 

Growth rate measurement experiments were conducted by inocu- 
lating 1 ml of a culture grown overnight to 100 ml of fresh LB 
medium in shake flask and incubating at 30°C in a shaker run at 
250 ‘pm. The OD at 600 nm was measured at various time points 
and plotted in a semilogarithmic graph to calculate the maximum 
specific growth rate from the slope of the straight line. Experi- 
ments were done in duplicate. The standard deviation, as calcu- 

lated from the sum of squares error for a straight line fit. was 3-5% 
for the slope. 

Other methods 

The procedures followed for transformation, isolation of plasmid 
DNA, and the determination of plasmid copy number are described 
in our earlier paper.8 Plasmid stability was measured by appropri- 
ately diluting the cell sample and plating on LB agar plates. We 
transferred 100 colonies from this plate using toothpicks to LB 
agar plates containing kanamycin as well as ordinary LB agar 
plates. The number of colonies growing on the kanamycin- 
containing plate was a measure of the fraction of plasmid- 
containing cells in the culture. The standard deviation for such 
replicas was around 5%. For the continuous culture studies 50- and 
IOO-ml chemostats were custom-designed and run at the given 
dilution rates9 This small size allowed study of the stability for a 
large number of generations with low throughput volumes.4 

Results 

Stability of plasmid pBK2 

To assess the stability of pBK2 in C. acetoacidophilum, 
continuous experiments were done. The plasmid-containing 
cells were grown at two different dilution rates (0.5 h-l and 
0.2 h-l) for 80 generations. No plasmid-free cells were de- 
tected in the cell culture, thus demonstrating 100% stability 
of the plasmid containing cells, as was observed with B. 
lactofermentum cells containing plasmid. A high stability 
may be due to either (1) an extremely low frequency of 
emergence of plasmid-free cells in the population or (2) a 
higher competitive ability of the plasmid containing cells 
over the plasmid-free cells. To differentiate between the 
two, co-culture experiments were performed. We observed 
that at a dilution rate of 0.2 h-’ the plasmid-containing cell 
population overtook the plasmid-free cells (Figure 2). This 
showed that the plasmid-containing C. acetoacidophilum 
did have a competitive advantage over the plasmid-free 
cells, a feature absent in B. lactoferrnentum. The reason for 
this could be either that there was spontaneous uptake of 
plasmid by plasmid-free cells or that the plasmid-containing 
cells had a growth rate advantage over plasmid-free cells. 
To test the possibility of spontaneous uptake of plasmid, 
co-culture of C. acetoacidophilum harboring pBK2, with 
spontaneous streptomycin-resistant mutant of C. uceto- 
acidophilum, was done in shake flasks. A small fraction of 
the cells (corresponding to one in 107) were found to be 
resistant to both streptomycin and kanamycin, indicating a 
very low frequency of spontaneous uptake of the plasmid by 
plasmid-free cells. Assuming equal growth rates of the plas- 
mid-free and plasmid-containing cells, an uptake frequency 
of one in lo* would be required to explain the observed 
overtaking by the plasmid-containing cells. Thus, the ob- 
served frequency of spontaneous uptake was too low to alter 
significantly the stability results. 

Growth rate studies 

Because the C. ucetoacidophilum harboring pBK2 was able 
to overtake the plasmid-free cells in co-culture, growth rate 
measurements were done in a shake flask. We observed that 
the maximum specific growth rate of the plasmid containing 
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Figure 1 (a) Construction of pBK5a. (bf Deletion mutagenesis of pBK5a: -, pGEM7Zf(+) region; -, pBK2 region; Amp’, ampicillin 
resistance. Km’, kanamycin resistance; Restriction sites: A, Apal; H, HindIll; E, EcoRl 

cells (0.58 h-l) was marginally lower than that of the plas- 
mid free cells (0.6 h-l). Because the plasmid-containing cell 
had a lower specific growth rate compared to plasmid-free 
cells, some other factor was responsible for the stable main- 
tenance of the plasmid-containing cells in continuous cul- 
ture. 

Deletion analysis of pBK2 

In an attempt to find reasons for the stable maintenance of 
pBK2-harboring cells despite their lower specific growth 
rate as compared to the plasmid-free cells, we deleted seg- 
ments of DNA of pBK2 to identify the regions of DNA that 
might confer stability to pBK2. The deletion derivatives 
(pBKSa+z) obtained as shuttle vectors of E. coli and C. 
acetoacidophilum were used to transform C. acetoacidophi- 
lum as described in Materials and methods. Gel electropho- 
resis of the plasmid DNA isolated from C. acetoacidophi- 
lum transformants containing plasmids pBKSa-e gave 
bands corresponding to the plasmid bands obtained from the 
respective E. coli clones. Attempts to transform C. aceto- 
acidophilum using plasmid DNA from the other E. coli 
clones (representing larger deletions) failed. Hence, we car- 
ried out our co-culture experiments with the previously de- 
scribed five transformants. 

The stability of pBKSa+z in C. acetoacidophilum was 
studied in continuous culture to determine the effect of 
DNA sequences on stability. The stability of the plasmids 
was initially tested in shake flasks, and all of them were 
found to be 100% stable for over 60 generations. Co-culture 
studies were therefore done in a chemostat to test the ability 
of the plasmid-containing cells to compete with plasmid- 
free cells. At a dilution rate of 0.2 h-l the cells harboring 
pBK5a overtook the plasmid-free cells, as in the case of the 
cells harboring pBK2. This experiment was repeated with a 
different concentration of plasmid-free cells in the inocu- 
lum. Even with 95% plasmid-free cells in the initial cell 

population, a washout of plasmid-free cells was observed 
(Figure 3). The pBK5b-harboring cells also overtook the 
plasmid-free cells, and complete washout of plasmid-free 
cells was observed in 30 generations starting with a popu- 
lation of 50% plasmid-free cells (Figure 4). Interestingly, 
there was a sharp drop in the ability to compete with plas- 
mid free cells on further deletion. The population of cells 
harboring pBKSc, and pBK5d fell to ~10% in 30 genera- 
tions even when starting with a low initial inoculum of 10% 
plasmid-free cells, with washout being observed in 50 gen- 
erations. The cells harboring pBK5e showed coexistence 
with the plasmid-free cells, with 85% plasmid-containing 
cells present after 50 generations, start&g with an initial 
inoculum of 5% plasmid-free cells. We thus observe a sharp 
decrease in stability with the removal of the DNA fragment 
between plasmid pBK5b and pBK5c followed by an in- 
crease in stability when the DNA fragment between pBK5d 
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Figure 2 Stability of plasmid pBK2 in Corynebacterium aceto- 
acidophilum in co-culture experiments in cohtinuous culture at 
a dilution rate of 0.2 h-l. Initial inoculum containing 20% plas- 
mid-free cells 
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Figure 3 Stability of plasmid pBK5a in Corynebecterium ace- 
toacidophilum in continuous culture at a dilution rate of 0.2 h-‘. 
(A) initial inoculum containing 10% plasmid-free cells; (0) initial 
inoculum containing 95% plasmid-free cells 

and pBK5e was removed. Thus, this region of DNA in 
pBB1 has a critical role in providing stable maintenance to 
the plasmid containing cells. 

The dominance of the plasmid-containing cells over the 
plasmid-free cells, even though the former had a lower spe- 
cific growth rate, and the loss of such dominance on re- 
moval of certain segments of plasmid DNA can be ex- 
plained by postulating the production of a growth inhibitor, 
possibly a bacteriocin, by the plasmid-containing cells that 
selectively hinder the growth of plasmid-free cells. The pro- 
duction of a plasmid-coded bacteriocin by Corynebacterium 
has been reported earlier. lo A direct attempt was therefore 
made to assess the effect of this bacteriocin-type factor on 
the growth rate of plasmid-free cells. Corynebacterium ace- 
toacidophilum-containing pBK5a and the corresponding 
plasmid-free cells were grown separately in LB, to which 
the supematant of a culture grown overnight of the plasmid- 
containing cells was added. The addition of the supematant 
of the plasmid-free cells formed the control set. It was rea- 
soned that if the growth-inhibiting factor were secreted out 
into the media by the plasmid-containing cells, these cells 
would be immune to its effect but the growth of the plas- 
mid-free cells would be adversely affected. The specific 
growth rates within a 95% confidence interval are shown in 
Table 1, which shows that whereas the plasmid-containing 
cell had approximately the same specific growth rate, the 

Table 1 Growth rate of Corynebacterium acetoacidophilum 
containing plasmid pBK5a and plasmid-free ceils in fresh LB 
containing 50% supernatant of cell culture grown for 12 h 

Specific growth rate [v,,,(h-‘)I 

Culture conditions 
Plasmid-containing Plasmid-free 

cells cells 

Supernatant of plasmid- 
containing cells 

Supernatant of plasmid- 
free cells 

0.50 * 0.030 0.48 + 0.029 

0.52 2 0.031 0.57 * 0.034 

plasmid-free cell showed a reduction in the growth rate by 
almost 20% compared to the control. This growth inhibition 
of the plasmid-free cells by the supematant was statistically 
significant and can be attributed to the effect of bacteriocin 
release in the supematant by the plasmid-containing cells. 

Computer simulation studies 

To explain this experimental observation (i.e., the ability of 
the plasmid-containing cells to overtake plasmid-free cells 
in co-culture even when it has a lower specific growth rate), 
we modeled the growth of plasmid-free cells with an inhi- 
bition term added to its growth rate expression. Thus, the 
ability of the cells containing pBK2 and pBK5a to cause 
washout of plasmid-free cells in C. acetoacidophilum could 
be simulated by postulating a plasmid-coded growth- 
associated product that is toxic to the plasmid-free cells, 
thereby reducing its effective growth rate. The following 
equations represent the cell, substrate, and product balance 
across the continuous stirred-tank bioreactor. 

dX+ldt = p+X+-DX+-pp+X+ (1) 

dX-ldt = /.-X-DX+p(*+X+ (2) 

dS/dt = D (Sf - S) - I’-,, /J-X - Y+/s /J,+X+ (3) 

dP/dt = Y+,/s p+X+ - D P (4) 

where X is cell concentration, p. is specific growth rate, D is 
dilution rate, p is probability of plasmid-free cells emerging 
in the medium, S is substrate concentration in the chemostat, 
Sr is substrate concentration in the feed, and Ytis is yield 
coefficient of cell per unit substrate consumed. P is product 
(in this case the bacteriocin) and Y& is the yield of product 
per unit cell mass. Superscripts + and - denote plasmid- 
containing and plasmid-free cells, respectively. 

Because the product is toxic to the plasmid-free cells, we 
can use the Monod form of growth with a death rate term for 
the plasmid-free cells. Thus, we have: 

CL+ = F+,S/(c + S) (5) 

p- = p-J/(& + S) - K,P (6) 

The use of Monod kinetics is a simplification, because 
our growth studies were conducted in complex media. Thus, 
it is difficult to assess the values of S, S’ K-, and K+,_. 
Also, because we have not identified the growth-inhibiting 
factor, quantification of Y+ or KI was not possible. Hence, 
values similar to those used in an earlier paper on colicin 
production in E. coli were used for the simulation.” Ex- 
perimentally determined values for X’, X-, and p,+m were 
used with p, which was determined by measuring the plas- 
mid copy number of the cell. Assuming random partitioning 
of the plasmid in the cell gives 

p = 21-N (7) 

where N is the copy number, which varied between 40 and 
10 for different culture conditions. These equations were 
solved using a fourth-order Runge-Kutta method. 

We observed from the simulation that using different 
values of KI predicts, at steady state, coexistence of the two 
or washout of the plasmid-free cells from the CSTR (Figure 
5). Thus, the washout of plasmid-free cells in co-culture can 
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be explained by including a growth inhibition term for the 
plasmid-free cells as a result of tbe production of toxin by 
the plasmid-containing cells. 

This ability of the model to predict both coexistence and 
washout is important, because with B. Zactofermentum cells 
containing pBK2 we observed coexistence with the plas- 
mid-free cells.9 

Discussion 

We observed that C. acetoacidophilum harboring pBK2 can 
successfully compete with and cause washout of plasmid- 
free cells in co-culture, although the plasmid-containing 
cells have a lower specific growth rate compared to the 
plasmid-free cells. With the removal of various DNA se- 
quences the stability of the plasmid-containing cells is af- 
fected drastically. This can be explained if we assume that 
the removal of the initial DNA fragments inactivates some 
immunity protein, making the recombinant vulnerable to its 
own bacteriocin and thereby unable to compete with plas- 
mid-free cells. Further removal of DNA fragments may stop 
bacteriocin production, in which case the recombinant re- 
covers some of its stability. It is interesting to note that there 
exist 2 ORFs (ORFs 2 and 4) in a similar region of plasmid 
pBL1, which is essentially identical with many plasmids of 
similar size reported from other strains of B. Zactofermen- 
turn, including the one used for this study. We are continu- 
ing our study to understand the exact mechanism of action 
by isolating the fragment from the deleted region. 

In our simulation studies the lowering of growth rate was 
modeled by a death rate term. Also, we used a growth- 
associated function for the production of the plasmid-coded 
bacteriocin. This growth-associated function would lead to 
a higher bacteriocin production at high dilution rates com- 
pared to a nongrowth-associated function. This helps in 
explaining our observation of the relatively higher stability 
of the plasmid containing cells at high dilution rates.9 An 
earlier model using the nongrowth-associated function pre- 
dicts a higher stability at low dilution rates. l* In the absence 

I 
70 

No. of generations elapsed 

Figure 4 Stabilih/ of plasmids pBK5b-e in Corynebacterium 
acetoacidophilum in continuous culture. (HI pBK5b. initial in- 
oculum containing 50% plasmid-free cells; (A) pBK5c. initial in- 
oculum containing 10% plasmid-free cells; (0) pBK5d. initial in- 
oculum containing 10% plasmid-free cells; (0) pBK5e, initial in- 
oculum containing 10% plasmid-free cells 

Figure 5 Simulation of plasmid stability. Effect of change in 
K,:K, = 0.4 g I-’ (- - -); K, = 0.5 g I-’ (-_); K, * 0.6 g I-’ (-. -4; D 
= 0.2 h-‘, u’ m = 0.56 h-‘, K+, = 0.5 g I-‘, K-, = 0.4 g I-‘, Sf= 10 g 
I-‘, Y+“, = 0.5 g g-1; Y-, = 0.5 g g-‘; Y,, = 0.01 g g-’ 

of information on the kinetic and regulatory parameters 
governing bacteriocin production, literature values were 
used to best tit the data available on growth rate and sta- 
bility. Further investigation is required on the direct dem- 
onstration and regulation of bacteriocin production and its 
rate of inactivation before a better model is proposed. Fur- 
thermore, this study establishes that a pBK2-C. acetoaci- 
dophilum system has a definite advantage over a pBK2-B. 
lactofermentum system, even though the plasmid was origi- 
nally derived from B. lactofermentum. The high level of 
stability of C. acetoacidophilum harboring the plasmid 
pBK2 even in co-culture makes it a better host system for 
industrial exploitation. 

Nomenclature 

D 
4 

K+ .r 

KS 

N 
P 

P 
s 

Sf 
t 

X” 
X- 
Y P/X 
Y’ X/S 

y-x/s 

F+ 

lJ,+ln 

dilution rate, h-* 
constant in Equation 6 representing sensitivity of 
host to toxin, g 1-i 
constant used in Monod-type growth kinetics, for 
plasmid-containing cells, g 1-i 
constant used in Mom&type growth kinetics, for 
plasmid-free cells, g 1-r 
plasmid copy number 
probability of plasmid-free cells emerging during 
cell division 
product concentration, g 1-r 
substrate concentration, g 1-r 
substrate concentration in feed, g 1-i 
time, h 
concentration of plasmid-containing cells, g I-’ 
concentration of plasmid-free cells, g 1-l 
yield of product per unit cell mass, g g-l 
yield of plasmid-containing cells per unit sub- 
strate consumed, g g-r 
yield of plasmid-free cells per unit substrate con- 
sumed, g g-l 
growth rate of plasmid-containing cells, h-’ 
maximum growth rate of plasmid-containing 
cells, h-l 
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F- growth rate of plasmid-free cells, h-l 
k--m maximum growth rate of plasmid-free cells, h-’ 
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