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Recombinant plasmids are a significant tool for biotechnological research and have 
enormous commercial potential for the expression of foreign genes in procaryotic 
and eucaryotic organisms. Two major impcdiments to widespread utilization of 
genetically-engineered expression systems within natural ecosystems are: (U the 
instability of the plasmid under a variety of conditions, and (2) the lack of knowledge 
regarding the fate of recombinant DNA in natural ecosystems. Governmental 
regulations have thus far severely restricted the development of processes involving 
the exposure to the environment of geneticallymanipulated organisms. Not 
surprisingly, significant effort has been spent in determining the mechanisms 
involved in plasmid loss from cells, and in initial studies of the fate of genetically
engineered DNA sequences in the environment. 

A plasmid is deemed unstable if it either undergoes rearrangement (structuraU 
or is not absolutely inherited by progeny (segregationaU. Such phenomenon can have 
significant effects on the outcome of cell cultivation processes. It has been well 
established, both experimentally and theoretically, that pl~.smid maintenance and 
eloned gene expression reduce the overall growth rate of the plasmid-bearing cell 
relative to the plasmid free cell [Seo and Bailey, 1985; Peretti, Bailey and Lee,1987; 
Zund and Lebek, 1980; Lauffenburger ,1987]. Reduction of copy number [Grandi, et aL, 
1981] and loss of plasmids from populations under continuous culture have been 
reported in many cases [Wood and Peretti. 1990; Kadam, et aL. 1987; Nakazawa. 1978; 
Meacock and Cohen. 1980]. even in the presence of selective pressure [Peretti and 
Bailey (1987); Kadam. et aL. 1987]. Plasmid loss has been shown to occur in E. coli 
[Seo and Bailey. 1985; Uhlin, et aL, 1979; Fredrickson. 1977; Klemperer. et aL. 1979; 
Engberg and Nordstrom. 1975; Jones, et aL. 1980] as well as in Bacillus [Wood and 
Peretti. 1990; Kadam. et aL, 1987; Nakazawa. 1978] and Pseudomonas [Meacock and 
Cohen. 1980]. The discovery of a par locus [Skogman, 1983] has lead to many efforts 
to genetically stabilize plasmid segregation. While this has not always met with great 
success [Gerges. 1988]. recent work with the parB locus has been extremely promising 
[Kadam. et aL, 1987; Meacock and Cohen, 1980; Gerges. 1988; Bailey and Ollis. 1986J. 

That immobilization might stabilize a plasmid-bearing population in 
suspension can be shown mathematically [Dykhuizen and Hart. 19831. Plasmid 
perSistence in suspended cultures has been observed in cases of where the 
plasmid-bearing cell was at a growth rate disadvantage [Adams. et aL. 1979; Grandi. 
et aL. 1981; Inloes. et aL. 19831 and has been directly attributed to biofilm formation 
and cell sloughing from the film [Inloes. et aL. 1983]. Inloes et aL, (1983) reported the 
maintenance of a plasmid-containing strain of E. coli in the absence of selection 
pressure when immobilized in a hollow fiber membrane. 
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The effect of immobilization on plasmid stability has been investigated by de 
Taxis du Poet et al. (1986). Plasmid-bearing E. coli were immobilized in 
K-can-ageenan beads that were subsequently fluidized in a chemostat operated at a 
volumetric residence time of 15 minutes. Cells extracted from the beads and 
resuspended were shown to have the same plaSmid-loss frequency as suspension
cultured cells, yet it was reported that immobilization enhanced the stability of the 
plasmid-beartng population. Nasri et aL extended this analysis to three genetically
different E. coli hosts (HBIOl,W31O!, and B) using the same plasmid (pTG201), and 
again reported that, without antibiotics, the fraction of cells carrying plasmid in the 
beads was greater that one would find in suspension cultures. In free suspension, all 
planktOniC cells exhibit varying degrees of plasmid instability; when immobilized 
all three strains exhibited stable plasmid maintenance for the duration of the 
culture. When plasmid-bearing and -free cells were coimmobilized, plasmid free cells 
did not overrun the culture. Their results suggest that increased plasmid stability was 
not due to either plasmid transfer between cells or to Increases in copy number. 
Sayadi et aL repeated Nasri's work with just E. coli B (pTG20 1) but under different 
growth nutrient limitations. This third study found a decreasing specific growth rate, 
increased plasmid copy number and cloned gene activity but decreased stability. They 
also found that immobilization, in the absence of antibiotic selection, increased 
stability of the plasmid under glucose, nitrogen, or phosphate limitations but not for 
magnesium limited growth. Unfortunately, all the above reports are difficult to 
interpret. The gel-immobilized cultures are grown in a chemostat operated at a 
different volumetric residence time, much higher than possible for the suspension 
cultures used for compartson. None of the three studies determined the intrinsic 
growth rates of the cells inside the gel bead. Thus it is difficult to ascertain whether 
the apparent increase in stability is due to decreased growth rate in the bead resulting 
from nutrient mass transport limitations, plasmid transmission between cells or 
other mechanisms. 

Many studies of plasmid transfer rates for suspended cells indicates that this 
transfer can occur at Significant rates under a vartety of conditions and organisms 
[Freter, et aL, 1983; MOrrison, et aL. 1978; Stewart and Carlson. 19'3131. including 
Pseudomonas grown in the presence of competing organisms fr,_ ,~.\ a natural 
ecosystem [Morrison, et aL, 19781. Studies of plasmid transfer in a()'.;,atic systems 
show that transduction [Stewart, et aL, 19831. transformation [Stewart and Carlson, 
1986; Gealt, et aL, 19851, and triparental mating [Clewel, 19811 are all possible means 
of plasmid movement in these systems. 

Studies of Streptococcus jaecalis [Clewel, et aL, 1982; Navarro and Durand, 
1977J further indicated that conjugative plasmids that transfer at a relatively low 
frequency in suspension (10-6 per donor), when immobilized to a surface, exhibit 
significantly higher transfer frequencies ( >10-4 per donor). 

There are a number of strategies to improve plasmid stability in recombinant 
bacterial systems (Table 1). It comes as no surprise that Immobilization might be 
responsible for alterations In cellular behavior. Many different Immobilized cell 
systems have exhibited altered metabolism. Studies done with immobilized 
Saccharomyces have Indicated alterations in productivity [Tyagi and Ghose, 1982; 
Doran and Bailey. 19861, macromolecular composition [Doran and Bailey, 1987]. and 
regulation of glycolytic oscillations [HattOri, 1972]. E. coli has been found to exhibit 
changes in optimal growth conditions and product yields IOu and Alexander, 1974], 
while Bacillus has an altered cell morphology [Graham and Istock, 1978]. In studies 
of plasmid transfer in sterile soil, Graham and Istock, (1978; 1979) found that 
transformation occurred in B. subtais in the absence of plasmids or transducing 
bacteriophage. Similarly, transduction [Zeph. et aL. 1988; Weinberg and Stosky, 
1972; and conjugation [Weinberg and Stosky. 1972; Monbouquette and Ollis, 1988) 
have been observcd for soil microorganisms in natural biofilms. Kumar and 
Schugerl (1990) provide an excellent review of the observed increases in plasmid 
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retention. cloned gene expression. and system protein productivity seen in a variety 
of immobilized cell (bacterial. yeast. and animal cell) systems. Unfortunately. no 
concise explanation exists for these observed improvements in plasmid stability. 

This brief section indicates the ubiquitous occurrence of plasmid movement 
when considering the fate of genetically-engineered DNA in the natural 
environment. These transfer processes occur in both gram-positive and - negative 
organisms. in suspended and biofilm-bound communities. Quantification of the 
risks involved in release of plasmid-bearing cells to the environment. be it 
inadvertent or intentional. will therefore require quantitative. mechanistic 
information regarding both the survival and mobility of the original host/plasmid 
system in these environments (suspended and immobilized) and the frequency of 
plasmid transfer to indigenous microorganisms from the original host. 

Table 1. Protocols for enhancing plasmid stability. 

System 

Genetic Approaches 

- antibiotic resistance markers on 
plasmid plus antibiotics in media 

- amino acid growth requirements 
- temperature shifts 
- two-stage bioreactor operation. 

delayed induction 
- immobilization 

- auxotrophiC mutants (amino acids) 
- suicidal genes (eer. par. ,par B locus) 
- regulation of gene expression 
- recombinant defiCient host (rec A). 

Internal selection pressure (gamma 
lysogens. streptomycin dependency) 

2. Factors Affecting Plasmid Stability and Expression in Suspended Cultures 

Three primary factors affect the segregational stability of a plasmid In a bacterial 
population and the expression of the genes therein cloned. These are (1) the number of 
plasmids per cell at the time of cell division. (2) the presence of different partition 
loci. and (3) the strength of the promoter for the cloned gene. 

A statistical analysis of plasmid loss frequency and plasmid copy number 
indicates that the rates of plasmid loss exhibited for many host/vector pairs are what 
would be expected if plasmid segregation between progeny were completely random. A 
cell containing 50 plasmids could give rise to a daughter cell containing anywhere 
from 0 to 50 plasmids. Plasmid copy number control is obviously. then. very 
important. The initiation of plasmid replication Is controlled at the level of 
transcription. and as such Is highly dependent on the strength of the promoter that 
directs the transcription of the replication primer and on the presence of a rop 
protein. The plasmid copy number Is not. however. a constant for any given plasmid. 
but depends as well on the growth rate of the cell. Peretti and Bailey (1987) showed 
theoretically that slower growing cells have a greater proportion of their RNA 
polymerase available for non-chromosomal transcription. including the initiation 
of plasmid replication. These cells can thereby maintain a higher number of 
plasmlds than those growing more rapidly. This phenomenon has been Widely 
reported from experimental studies as well [Weber and San. 1987; Wouters. et aL. 
19801. 
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Meacock and Cohen (1980) first reported a partition locus and described the 
increase in segregational stability it conferred upon the plasmids in a suspended 
population. Since that time several more such loci have been identifled and 
characterized. Only two of these loci have been found to be directly related to the 
physical partitioning of the plasmids (attachment to membranes) and these have 
been associated with stringently maintained. low copy number plasmids such as F' in 
E. coLL The others can be more correctly desCribed as killing loci. A good example of 
this class is the parB locus. This system produces mRNA (hok) for a protein that 
destroys the transmembrane potential of the cell and for an anti-sense RNA (sok) to 
this message. When the plasmid is present in the cell. the relative rates of 
transcription and degradation of these two RNA species is balanced such that no 
protein is produced. Once the plasmid is no longer present in the cell. the sok RNA is 
rapidly degraded, exposing the ribosome binding site of the hok m RN A. 
Subsequently. the protein is produced and the cell is killed. This particular locus has 
been extensively studied. and has conferred nearly absolute stability to ultra-high 
expression systems that otherwise exhibited very rapid plasmid loss [Wood and 
Peretti. 1991J. 

Plasmids and the genes they carry represent a metabolic burden to the cells in 
which they are maintained. This burden can be divided into two contributions. one 
involving precursors and energetic molecules. the other involving enzymatic 
assemblies. Plasmid-bearing (Pb) cells are required to synthesize more DNA. m-RNA. 
and ribosomes than their Pf counterparts. Thus. Pb cells consume more energy per 
cell [Collins. 1973J. Additionally. plasmid genes must compete with chromosomal 
genes for various metabolic precursors (e.g .. nucleotides and amino acids) and 
catalysts involved in protein synthesis, all of which may be present in limiting 
amounts [Peretti and Bailey. 1987J. 

One curious observation made regarding cell growth is the influence of growth 
medium on segregational stability. Godwin and Slater (1979). reported that cells 
grown in minimal medium exhibited a lower frequency of plasmid loss than did cells 
grown in rich medium. These results are not explained by growth rate differences 
between the two cases. but instead hint at the importance of some metabolic 
precursors/intermediates that are as of yet unidentified. The ratio of growth rates for 
Pf to Pb cells increases when the growth of the cells is limited by phosphate or 
magnesium [Klemperer. et aL. 1979J. Plasmid stability in continuous cultures 
increases with decreasing dilution rates; Seo and Bailey (1985). report increased 
numbers of plasmids per cell and increased expression of the cloned protein with 
decreasing dilution rate. 

Consequently, the turnover rate of Pb cell mass may be less than Pf cells. 
Classically termed plasmid segregational instability. cultures of Pb cells. unless 
under selective pressure. will give rise to Pf cells causing a deterioration in culture 
productivity. especially in continuous reactor systems. 

3. Factors Affecting Plasmid Retention and E%pression in Immobilized Cultures 

Experimental observations of the effects of immobilization. within artifiCially 
formed gel bead carriers. on recombinant plasmid stability can be summarized as 
follows: 

1. plasmid vectors exhibit higher retention in the system 
2. reduction or elimination of plasmid structural instabilities 
3. plasmid copy number maintained or Increased 
4. operation of the liqUid phase of continuous reactors at a residence time less 

than the generation time of the Pf cells. dilutes them from the system 
5. structure of the immobilizing gel separates the two populations, negating 

competition 
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6. proximity of immobilized cells less freedom of motion could promote 
transfer of plasmid DNA between populations by either conjugation (if a 
mobilizing factor is present) or transformation 

7. mass transfer limitations on nutrients may create lower growth rates in 
the interior of a gel. thus promoting increased plasmid stability 

Similar mechanisms may serve to affect plasmid retention in biofilms naturally 
formed by attaching bacteria. Costerton and co-workers (1992) and Bryers and co
workers (1992) report that biofilms. formed under natural conditions. create highly 
heterogeneous micro-structures. Use of confocal laser scanning microscopy coupled 
with fluorescent probe molecules (for Eh. pH. cell viability. cell species number 
concentration. matrix permeability) clearly indicate adjacent microcolonies within 
biofilms may see radically different environments. Localized concentrations of 
calcium may promote plasmid DNA incorporation by transformation. Dense 
glycocalyx structures may exhibit different mass transfer properties than other 
sections of biofilm. segregating bacteria into microcolonies much the same way as in 
gel beads. One distinction between biofilm-bound cells versus artificially 
immobilized recombinants. is that naturally attaching bacteria must metabolically 
produce the encapsulating extracellular polysaccharide glycocalyx; an added burden 
that artificially immobilized cells do not bear. Metabolic effects of biofilm 
formation and cell replication may affect plasmid segregation differently than in 
either planktonic or gel-immobilized populations. The effects of polysaccharide 
synthesis on membrane integrity could influence both conjugation and 
transformation of plasmid DNA 

Another factor influenCing plasmid retention and transfer in a biofilm is the 
continual intraphase transport of cells at the biofilm-fluid interface: biofilms can be 
re-inoculated with specific community members which Is not likely in gel bead 
systems. Rochell et al. (1989). cultivate two donor Pseudomonas spp. with two 
reCipient Pseudomonas spp. within blofilms In a laboratory reactor system. All 
experiments Indicated recipient strains survived within the biofilm but not in free 
suspension. TransconJugants were detected In all cases despite the faGt that donor 
and reCipient cells were inoculated at opposing ends of the substratum used. The 
authors attributed this observation to cell movement from the blofilm to the liqUid 
phase and re-deposition. 

Clearly. altered plasmid retention In immobilized or biofilm populations of 
recombinant cells cannot be explained by any single mechanism. Research has yet to 
focus on developing methods and systems to assess those environmental and 
biological factors governing plasmid segregation stability in biofilm populations. 
Preliminary work on the effects of biofilm growth on plasmid loss due to segregation 
will be presented below. 

4. Mathematical Considerations 

4.1 BATCH SUSPENDED CULTURE 

In the growth of a culture containing two populations. one containing plasmids X+ 
and one having lost the plasmid due to segregational instability. X-. the dynamics of 
each population in batch culture can be represented by the following "reaction"-like 
equations. 

X+ -t (2 - p) X+ + pX- rate Il+ X+ 

X- -t 2X-
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where p = number of plasmid-free cells formed per generation of plasmid-bearing 
cells; in essence the probability of plasmid loss. Imanaka and Aiba (1981) postulate 
the fraction of cells bearing plasmids, F, after N number of generations of 
plasmid-bearing cells can be described by 

F = (l-a-p) / [1_a_p(2N(Up-I))) (1) 

where a = Il- /11+. There are a number of assumptions tacitly associated with this 
equation that do not accurately reflect experimental reality. Consequently. an 
alternative approach to calculating p is proposed. 

The population dynamics of suspended plasmid-bearing. X+. and plasmid-free. 
X-, cells in a batch culture can be described by cell growth and plasmid loss [Ollis, 
19821. 

dX+ 
dt 

Let X = X- / X+ and substituting X into Eqn (3). 

X+ ~ dX+ 
dt + X(it 

Substituting Eqn (2) and (3) into (4) and rearranging yields. 

dX 
dt 

+ 

(2) 

(3) 

(4) 

(5) 

At exponential phase, W = Ilm and 11+ = 11m' Therefore. Eqn. (2) and (5) can be 

rewritten as, 

(6) 

(7) 

Plotting InX+ versus time and dX / dt versus X. the resultant slopes and intercept are 
defined as, 

(8) 
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m (9) 

b (10) 

Solving Eqns. (8). (9) and (10), J.!+ m = (m + + b), W m = (m + + m), and p = (b / (m + + b). 

4.2 CONTINUOUS BIOFILM CULTURE 

Net accumulation of a biofilm culture on a substratum comprises (1) deposition of 
suspended cells from the liquid phase, (2) cell replication and extracellular polymer 
production within biofilm, and (3) biofilm detachment due to shear stress [Applegate 
and Bryers, 1991J: Bryers and Characklis, 1992]. Here, deposition of cells will be 
ignored since no suspended cells were supplied to the system and suspended cell 
concentrations in effuent liqUid phase were negligible. Therefore, the net 
accumulation rate of biofilm-bound plasmid-bearing, B+, and plasmid-free cells, B-, 
can be expressed as the combination of cell growth, plasmid loss and detachment, 

(11) 

(12) 

Assuming the spatial distribution of plasmid-bearing and plasmid-free cell within 
the biofilm are uniform with depth (no spatial gradients of either population), one 
can define ~ = B -/B += B-d/B+d and substitute into Eqn. (12). 

Substituting Eqn. (11) and (12) into (13) and rearranging ... 

~~ = (W - J.!+ + P J.!+)~ + P J.!+ 

The specific growth rate of either population can be expressed as, 

+ 
J.!m S 

J.!+ = 
Kg + S 

Eqn. (14) can now be rewritten as: 

+ 

~ 
J.! S m 

dt 

J.! S m 

(13) 

(14) 

(15) 
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Plotting d~/dt versus ~. the slope and intercept will be ... 

+ 
~m + 

s (16) 

(17) 

Solving Eqn. (16) and (17). one can define a probability of plasmid loss for the biofilm 
populations as. 

+ 
~m - ~m 

b 
p . 

- b 
. + m 

~m 

(18) 

15. Experimental Protocol 

5.1 BACTERIAL STRAIN AND PlASMID 

Escherichia coli DH5a (donated by Dr. Victors Burdett, Department of Microbiology 
and Immunology. Duke University) was selected as study organism since it can form 
a biofilm efficiently under low organic carbon substrate concentration and does not 
produce ~-galactosidase. Its genotype is 080dlacZ1M15 • .1(lacZYA-argFj, U169. deaR. 
recAl, endAl. hsdR17. supE44. thi-l. gyrA96 (nalidixic acid resistant), relA1. 
Plasmid pMJR1750 is a 7.5-kb plaSmid comprising an ampicillin resistant marker. a 
strong promoter. taco a repressor gene, lac! Q. and lacZ gene which encodes for 
~-galactosidase. Expression of ~-galactosidase can be induced by a number of 
inducers. including isopropyl 13-D-thiogalactoside (IPTG). Cells harboring the 
plasmid and producing ~-galactosidase form blue colOnies on agar media containing 
5-bromo-4-chloro-3-indol-~-D-galato-pyranoside (X -gal). whereas plasmidfree cells 
form white colonies. 

5.2 BATCH SUSPENDED CELL CULTURE 

Fermentation media used was M9 minimal media containing 0.2% glucose. 0.4% 
casamino acid. and 0.01% thiamine. Batch suspended cultures were carried out in the 
absence of ampicillin in fully instrumented fermenter of 1 L working volume. at pH 
7.0.37 °C, and with dissolved oxygen maintained above 50% of saturation. 1% (v/v) of 
exponentially growing cells in identical medium was inoculated to minimize the lag 
phase. A 10 mL cell suspension was sampled every hour for analysis. For induction 
experiments. IPTG was added when the suspension absorbance at 600 nm reached 0.8. 

5.3 CONTINUOUS BIOFILM FORMATION SYSTEM 

Biof11ms of E. coli DH5a (pMJRI750) were cultivated in a parallel-plate flow cell 
reactor constructed of optically clear polymethylmethacrylate. Reactor design and 
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pretreatment are detailed elsewhere [Huang. et aL (1992)). Inoculum was centrtfuged 
from overnight cultures (which were selectively cultivated under 100 1l1g/mL 
ampicillin) and resuspended to 108 cells/mL in sterileM9 minimal medium. The flow 
cell reactor was inoculated by recirculating the cell suspension through the reactor 
for 2 hours at a flow rate of 45 mL/min. After two hours. the suspension was removed 
from the recycle loop. a small mixing vessel (100 mL) installed within the loop. the 
system rinsed and filled with fresh M9 minimal medium supplemented with 50 mg/L 
glucose. 100 mg/l casamino acid. and 25 mg/L thiamine. and the recirculation flow 
resumed. Fresh nutrient solution was then delivered to the mixing vessel to affect an 
overall system dilution rate of 4 h -1. Contents of the mixing vessel were oxygenated 
with pure oxygen to prevent oxygen limitation. System dilution rate was maintained 
well in excess of the maximum growth rate of E. coli DH5a which served to minimize 
cell growth in the fluid phase. The mixing vessel and connecting tubing were replaced 
with sterilized versions. every 12 hours to minimize the biofilm growth outside the 
flow cell. A micro-dissolved oxygen probe was connected within the loop to measure 
the dissolved oxygen of the flUid into and leaving the flow cell. Glucose samples were 
collected and assayed enzymatically every 12 hours. Slides with accumulated biofilm 
were removed from the flow cell reactor every 12 hours and replaced with clean 
slides. 

Biofilm on a removed slide was scraped completely into 50 mL autoclaved M9 
minimal medium and vortexed at maximum for 5 min. to prevent bacterial 
aggregation. The biofilm suspension was used for the analyses below. 

5.4 MEASUREMENT OF PLASMID STABILITI 

Segregational instability wa'5 determined by LB agar plates that contain 40 Ilg/mL 
X-Gal. 40. Ilg/mL IPTG and 50. f.lg/mL nalidixic acid. Biomass samples from batch 
and biofilm cultures were suitably diluted with sterile M9 minimal medium and 
spread on the plates to form between 30 and 300 colOnies for each plate~ The number 
of viable plasmid-bearing and plasmidfree bacteria were determined by averaging the 
blue and white colOnies respectively on three plates. The probability of plasmid loss 
per cell division was calculated with Eqn. (9) for suspended and the alternative 
approach deSCribed in this paper for biofilm populations. Time derivatives of the 
ratio of plasmid-free to plasmid-bearing cells for planktoniC and biofilm 
populations. respectively. (dX/dt and d~/dt) in Eqn. (6) and (4) were calculated from a 
leastsquares. second-order polynomial fit. Structural stability of the plasmid was 
checked periodically by horizontal gel electrophoresis; no plasmid structural 
modification was found throughout any experiments. 

5.5 ~-GAI.ACTOSIDASE ASSAY 

Samples obtained from batch and biofilm cultures were centrtfuged at 1.000g for 15 
min at 5°C. Cell pellets were resuspended in 1 mL TEP buffer (10 mM Tris; 1 mM 
EDTA. pH 8.0; 1 mM PMSF) and disrupted using two 30 sec pulses by Kontes 
Micro-Ultrasonic Cell Disrupter (Vineland. New Jersey) set at 30% output. The 
sonicated cellular homogenate was transferred to microcentrtfuge tubes and chilled 
on ice for 10 min. then centrifuged at 5.000g for 10 min to pellet cell debriS. 
~-galactosidase activity on the supernatant was determined by the rate of hydrolYSiS 
of the colorless compound. o-nitrophenyl-~-D-galactoside (ONPG). to the yellow 
chromophore. o-nitrophenol (ONP). 200 f.lL cell extract was mixed with 2.5 mL reagent 
A (0.1 M Na2HP04. adjusted to pH 7.3 with O.lM NaH2P04). 100. f.lL reagent B (3.6M. 
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~-mercaptoethanol). 100 /.lL reagent C (SOruM MgC12). and 200 IlL reagent D (33.2 ruM 
ONPG in reagent A) In a dIsposable cuvette. Mter vortex mixing, the cuvette was 
placed In a UV /VIS spectrophotometer and absorbance changes read at 410 nm over a 
two-minute Interval. The activity was calculated using Beer's law and one unit of. 
~-galactosidase was defined as the amount of enzyme that can hydrolyze 1 /lmol 
ONPG in one min at pH 7.S and 25°C. The amount of ~-galactosidase was detennined 
by calibrating the activities of aliquots of standard. ~-galactosidase solution (5 
Prime ~ S Prime. Inc .. Boulder. Colorado). 

6. Results 

6.1 PLASMID SEGREGATIONAL INSTABILITY 

The probability of plaSmid loss for E. coli DH5a (pMJR1750) was determined from 
the relative distribution of plaSmid-free and plasmid-bearing cells for cultures grown 
either in a free suspension batch reactor (Figure 1) or within a biofilm accumulating 
within a CSTR (Figure 2). In suspension. one can directly see that the plaSmid-free 
cell population grows at a rate that allows the plasmid-free population to rapidly 
dominate the culture in the absence of antibiotic. The probabilities of plasmid loss 
were calculated for the suspended cultures based on Eqns. (6) and (9) and are 
summarized in Table 2 for two alternative methods of estimation; the classic 
plasmid loss probability calculation [Huang. et aL. 1992] and the model presented 
here. Respectively. the classic method predicts a p = 0.0009 while Eqns. (6) and (9) 
predict = 0.0002. 

The difference in the plasmid loss probabilities estimated by the two methods 
can be attributed to (1) Imanaka and Alba (1981) assumed their initial plaSmid-free 
cell concentration to be zero when in practicality this is not likely and (2) the 
estimation is very sensitive to the value of generation number used which was 
different in the two studies. 

Table 2. Parameters And probabilities for suspended batch culture of 
E. coli DH5a / pMJR1750. 

Imanaka and Alba 11981) ThisSlu<1v 

Expt. na F(n)a a pb m+ m b p 

A 8 0.9793 1.17 0.0023 0.41 0.07 0.0004 0.0010 
B 9 0.9747 1.25 0.0017 0.52 0.13 0.0003 0.0006 
C 8 0.9774 1.15 0.0027 0.41 0.06 0.0005 0.0012 
Ave. 0.0022 0.0009 

a: Detennined by the final data point of experiment 
b: Solved by the ZREAL subroutine from IMSL mathematical library 

Since the rate of cell concentration change in a biofilm Is the net result of a number 
of processes. only one of which is cell growth. no interpretation can be made 
regarding the growth rate of the two populations in the biofilm directly from the data. 
However. Figure 2 does indicate that plasmid-free cells do "accumulate" faster in the 
biofilm versus plasmid-bearing cells. However. this observation could be the result of 
either a preferentially higher erosion rate of plasmid-bearing cells causing from the 



Suspended 1 0 6 
Cell Concn., 
(CFUlmL) 10 5 • 

4 e. 

o u 
[) 0 

191 

•• 
PI as mid +e • ... 0 

4 ~ . 
[ e 

o OF asmid -

[~ 0 u 

0 

5 1 0 15 
Time, hours 

Figure 1. Suspended cell concentrations of plasmid-bearing (e) and plasmid-free (0) E. coli 
DHSa (pM]R17S0) in batch culture without antibiotic selection. 
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Figure 2. Net accumulation of plasmid-bearing (e) and plasmid-free (0) E. coli DHSa 
(pM]R17S0) in biofilm continuous culture without antibiotic selection. 
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upper layers of the biofihn or substrate mass transfer limitations on slower growing 
plasmid-bearing cells be relegated to the depths of the biofihn. Using Eqns. (14) to (17) 
with the average Il + m and . Il-m from batch suspended cultures. plasmid loss 
probabilities (Table 3) for the biofilm populations ranged from 0.013 to 0.021 over a 
number of experiments. with the mean value being 0.017. 

Table 3. Parameters and probabilities for biofihn culture of 
E. coli DH5a / pMJR1750. 

Experiment Sticking Efficiency m' b' p 

A 2.0 x 10-7 0.0187 0.0015 0.013 
B 1.92 x 10-7 0.0058 0.0007 0.021 
C 3.50 x 10-7 0.0115 0.0012 0.018 
Average 2.50x 10-7 0.017 

6.2 ~-GAlACTOSIDASE EXPRESSION AND EFFECTS OF INDUCER 

The effects of different concentration of the inducer IPTG on the activity of enzyme 
~-galactosidase were determined on cells in a batch suspended and continuous 
biofllm cultures are shown. respectively. in Figures 3 and 4. Maximum growth rate of 
cells in batch culture without IPTG added reached 0.52 h- 1 but once the inducer was 
added. growth drops accordingly. At IPTG concentrations under 0.17 mM the grow 
rate is 0.35 h-I. Under 0.34 and 0.51 mM IPTG. growth rates of the culture dropped to 
0.16 h-l. At IPTG concentrations less 0.17 mM. maximum. ~-galactosidase 
concentrations during the experiment were 0.32 pg/cell. Under 0.34 and 0.51 mM 
IPTG. respectively. ~-galactosidase concentrations peaked at 0.47 pg/cell. Once 
induced. the plasmid bearing cells rapidly decreased in population concentration 
upon expression of the protein. Figure 3B illustrates no significant effect of varying 
IPTG levels on the growth rate of plasmid-free E. coli DH5a. 

Figure 4A and 4B illustrate similar population shifts in a biof1lm community 
brought on by induced recombinant protein expression during the addition of similar 
amounts of IPTG. The question is whether the loss rate of plasmids immobilized is 
greater or less in a bioflhn than in suspension? Again. it would convenient to argue 
that plasmid-bearing cells decrease rapidly upon induction since induction brings on 
slow growth. However. this may not be entirely true since cells populations in the 
biofilm are governed by processes other than growth. Maximum ~-galactosidase 
concentrations produced upon induction were 0.08.0.10. and 0.12 pg/cell at 0.17. 
0.34. and 0.51 mM IPTG. respectively; more than 70% less protein per cell than freely 
suspended. 

7. Concluding Remarks 

Contrary to reports of improved segregational stability of plasmids in gel
immobilized systems. calculations here indicate. without induction. the probability 
of loss of plasmid pMJR1750 is higher in a biofihn than in suspension. Probability of 
plasmid loss can be affected by multiple factors including copy number. medium. 
composition. and growth rates. While the medium composition to the two systems 
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Figure 3. Effects of IPTG induction on the rate of change of both plasmid
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(M = 0.17, (_) = 0.34, and (A.) = 0.51. 
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was the same. variations in plasmid copy numbers between suspended and biofllm 
cultures are possible. Growth rates of the suspended culture varies throughout the 
batch culture. except during exponential phase. At least all cells are exposed to 
similar liquid phase conditions. while as the biofilm develops mass transfer 
limitations could affect a gradient of growth rates spatially in the btofilm. 

Another possibility for the difference in p values between suspended and 
biofllm experiments may lie in our simplistic model - I.e .. is this observation fact or 
an artifact of the model employed? The model assumes (1) that deposition of 
suspended cells onto the biofllm does not occur since cells are not supplied to the 
system and (2) that spatial gradients of plasmid-free and plasmid-bearing cells do not 
develop with depth over time. 

The first assumption ignores the possibility of cells detaching from the biofllm 
at one point in the flow cell then re-attaching at another. Estimates of cell sticking 
efflciencies (Table 3) at the exit flUid concentration of 105 cells/mL and the mean 
hydraulic residence time of a cell in the biofllm study reactor suggest re-attachment 
is negligible. 

The second simplification affects the estimate of cell distribution detaching 
from the biofilm. Our model calculations of loss probability. p. (Table 2) assumed that 
the B+ and B- cells were uniformly distributed spatially in the biofilm; thus each 
population would detach from the film: flUid interface at a rate proportional to Its 
average concentration in the entire biofilm. However. if one population's turnover 
rate was higher than the other. it would eventually dominate the upper layers of the 
biofilm and would also dominate the mass removed at the biofilm:fluid Interface. 
One can circumstantially determine if stratified biofllm populations develop by 
comparing the ratios of the different cell types in both the biofilm (a composite 
parameters averaged over the entire depth of the biofllm) versus cell concentrations 
in the flUid phase arising due to shear removal. Assuming cells are detached only at 
the upper layers of the biofllm. with the reactor operated well past wash-out. those 
cells in the flUid phase would provide an indirect indication of the ecology of only the 
upper biofllm layers. Figure 5 illustrates the time course of both plasmid-bearing (X+) 
and plasmidfree (X-) cells suspended in the liquid phase during the accumulation of 
biofilm illustrated in Figure 2. 

Figure 6 compares the ratio of plasmid-free to plasmid-bearing eells in the 
biofllm. B. to the same ratio determined for biofilm cells detached and re-entrained 
into the liquid phase. ~detached . Figures 5 and 6 clearly indicate that the relative 
amounts of B+ and B- cells in the biofilm and detached are apprOximately the same 
until the biofilm thickness attains its maximum steady-state value at - 48 hours. 
However. over prolonged growth. the faster growing B- cells begin to outcompete the B+ 
cells in the upper layers of the biofllm leading to a disproportionate amount of E
cells being sheared off into the liqUid. This stratification is also indirectly indicated 
by the rapid increase in . ~detached versus . ~. 

Consequently. assuming a spatially uniform biofilm may lead to erroneous 
estimates of plasmid loss probabilities. We are now employing a more sophisticated 
model to account for spatial distributions in our estimates of plasmid stability as 
well as employing a modified plasmid pMJR1750 which incorporates a suiCidal 
stabilizing parB locus. This later revision will eliminate the generation of 
plasmid-free cells during a culture. Differences in plasmid retention in systems with 
and Without the parB locus will allow estimates of potential mechanisms of plasmid 
stability such as conjugation or transformation. 
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