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VER THE LAST FOUR YEARS, we have offered a

hands-on laboratory course in biotechnology [1]
which accompanies a lecture course on “Recent Ad-
vances in Biotechnology” for chemical engineering
seniors and entering graduate students. Of the seven
experiments normally conducted in this course, an ex-
periment on plasmid instability in recombinant cul-
tures pertains most directly to the modern biochemi-
cal engineering principles and the recent advances in
biotechnology discussed in the lecture course.
Further, the experiment is the most recently de-
veloped and will probably be more difficult to repro-
duce in other chemical engineering laboratories. It is
our objective here to discuss the important theoretical
and practical aspects in more detail so that this novel
experiment may be more easily duplicated in other
undergraduate laboratory courses.

Recombinant bacterial cultures are inherently un-
stable. Bacterial cells which harbor recombinant plas-
mids are commonly at a disadvantage when competing
with plasmid-free cells for essential nutrients. Since
the synthesis of a recombinant product depends en-
tirely on the stable maintenance of the plasmid-bear-
ing strain, a great body of research has dealt with the
mechanisms of plasmid instability. Many methods are
being pursued to genetically eliminate plasmid insta-
bility [2]. One technique, completely successful at the
laboratory level and employed in this experiment, is
to use selective media with an antibiotic resistance
marker on the plasmid vector. Two dominating factors
have been most often linked to the observed culture
instabilities: plasmid segregation and a “growth-rate
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differential” between plasmid-bearing and plasmid-
free cells. Plasmid segregation is a result of uneven
plasmid partitioning from the mother to daughter cells
upon cell division and therefore generates plasmid-
free from plasmid-bearing cells. The growth rate dif-
ferential is due to the redirection of cellular catabolic
and anabolic activity in the recombinant cells while
they synthesize the desired product. Consequently,
plasmid-bearing cells do not have full use of their own
resources and grow more slowly than those which are
plasmid-free. The plasmid-free cells born by plasmid
segregation are thus able to rapidly overtake the over-
all population.

This laboratory experiment is intended to
familiarize the student with microbiological tech-
niques as well as the analysis of exponential growth
in bioreactors. Further, students are introduced to
the experimental and theoretical characterization of
instabilities observed with recombinant bacteria as
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The laboratory is designed so that the students are exposed to problem solving methods both as
individuals and as participants of a group. The handout . . . is not a “cookbook” step-by-step account of
the lab procedure—such labs often lack meaningful educational value because they preclude active
student participation. Instead, the instructor should create an environment

containing appropriate tools without dictating the precise methods.

noted above. The laboratory is designed so that the
students are exposed to problem solving methods both
as individuals and as participants in a group. The stu-
dent lab handout (available from the authors) is not a
“cookbook” step-by-step account of the lab proce-
dure—such labs often lack meaningful educational
value because they preclude active student participa-
tion. Instead, the instructor should create an environ-
ment containing the appropriate tools without dictat-
ing the precise methods.

The pre-lab discussion emphasizes the theoretical
background and analysis in addition to the laboratory
techniques. Demonstrations for sterile serial dilu-
tions, plating, and optical density measurements are
given. Typically, the laboratory is divided into groups
of three or four students, while the written reports
are prepared on an individual basis. In this way, group
efforts are emphasized but each student is ultimately
responsible for his/her own work.

EXPERIMENT
Background

The pioneering theoretical work was a simple
model which could be employed to predict the popula-
tion dynamics of a mixed-population batch culture dur-
ing exponential growth [3]. This work is summarized
below. The growth of the plasmid-bearing, P, and
plasmid-free, N, subpopulations can be described

%=(l—p)u*1’ )
%:ppf'PﬂfN (2)

where t is time (hr), p is the segregation coefficient
(dimensionless), w is specific growth rate (hr), and
superscripts + and — are cells with and without plas-
mid, respectively. By setting

P=P,, N=N, at t=0 (3)
from Eq. (1) and (3), we obtain

P=P, el Pt (4)
and from Eq. (2), (3) and (4), we obtain

N=N, e"*t+_..p_}ﬁ£°__[e(1—9)u+t_ep‘t:| 5)

(1-p)p —p~
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TABLE 1
Limiting Cases for Graphical Analysis of Eq. 7

Case Dominant Factor Initial Condition

| growth rate differential N

I growth rate differential N

1] plasmid segregation N >
1\ plasmid segregation N

The fraction of plasmid-bearing cells can then be writ-
ten as

F=_"P p, el Pt
" P+N PPt L it +_Mg_[e("p)”+t —e“_tjl
(1-p)w' —p

(6)

We have linearized this expression for easier graphical
analysis of laboratory data

1 N, = +
[n[f+A—lJ=ln[A+ ) J+[p. -(1-p)p ]t (7
where
+
AE - p'-O’I) P
B —p +p'p

Eq. (7) can be applied to four separate cases so that
a slope and intercept can be obtained from the data
yielding an important experimental parameter which
characterizes the culture dynamics of any experimen-
tal plasmid/host system (see Table 1).

The culture instability for our experimental sys-
tem is dominated by the growth rate differential since
the plasmid exists at a high copy number (low segre-
gation probability). Therefore, we simplify Eq. (7) for
our experiment (Case I). If w*p < p~ - p*, then

o
and
1 N, o1 e
ln(f—1)=ln(P—nj+(p L (8)

so that the difference in growth rate between the plas-
mid-bearing and plasmid-free cells is the slope of this
linear relationship.
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Materials and Methods
A. Culture Conditions

E. coli RR1, obtained from Bethesda Research
Laboratories (BRL), was transformed with the plas-
mid pBR329 (which infers resistance to tetracycline,
ampicillin, and chloramphenicol) also from BRL (ac-
cording to Maniatis, et al. [4]). E. colt RR1 is used as
the host bacterium because of its high transformation
efficiency. pBR329 is a model plasmid which exists at
high copy numbers, but could easily be replaced by
any ColEl-type plasmid. Experiments were per-
formed in shake flasks controlled at 37°C in a water
bath shaker (New Brunswick Scientific Model RW-
650). Media (M9—a minimal media) was prepared ac-
cording to Maniatis, et al. [4]. The host bacterium re-
quires supplemental leucine, proline, and vitamin Bl
in defined media. These were added at levels of 41,
164, and 0.166 pg/ml respectively (Fisher Scientific).
Bacterial cultures, grown overnight, in the presence
of antibiotic (tetracycline, 12 pg/ml), were diluted
(=1/20 dilution) and grown again for approximately
one hour in several flasks containing media identical
to that used in the subsequent experiments. In this
way, we were assured that each inoculum was in the
exponential growth phase at conditions identical to
those of the experiments and hence, preculture
metabolic variation was eliminated. Each inoculum
was approximately 1 ml for every 100 ml of culture
media.

B. Growth Rate Measurements

Optical density (absorbance at 600 nm) was meas-
ured in the linear range (0.05 to 0.25 OD units) on a
Beckman DU-50 Spectrophotometer. More dense
samples were diluted with sterile water to obtain OD
in the linear range. The OD was corrected for the
background absorbances of the differing sterile media.

C. Fraction Plasmid-bearing Cells, F

The fraction of plasmid-bearing cells was deter-
mined by replica painting. Samples were diluted in
sterile water until 40 pl contained approximately 100
to 300 cells. This quantity was spread on an LB agar
plate and incubated overnight. Sterile felt was used
to transfer the colonies from the original LB plate to
one plate each of LB and LB with tetracycline (12
pg/ml). The number of colonies on the LBtet plate
divided by the number on the second LB plate is the
fraction recombinant cells. Frequently, replica plating
was performed on LBamp plates in addition to LBtet
in order to confirm the plasmid structural stability.
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Additional Precautions

Extra care must be taken to ensure the quality of
data so that statistical analysis can be performed on
the results. We conduct the growth experiments in a
modified minimal medium (M9, Maniatis, et al. [4]) so
that the growth-rate curve is linear for at least five
hours. Rich media should be avoided since the growth
rate continually decreases as some nutrients become
depleted. Three flasks are prepared: (1) E. coli RR1
(no plasmid), (2) E. coli RR1 with pPBR329 (100% plas-
mid-bearing), and (3) a mixed culture of the previous
two. A detailed, step-by-step procedure is available
from the authors. However, a few more subtle points
are

e It is advantageous to start the mixed culture (flask
3)at F = 0.9 or at F = 0.4, since the standard
deviation in replicate plating is VnNP where n is

P/(N+P)

F=
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FIGURE 1. Growth in shake flasks (a first attempt).
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FIGURE 2. Optical density versus time for three cultures:
plasmid-free, mixed, and plasmid-bearing. F is also in-
cluded from the mixed culture.
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the number of colonies transferred [5] and is highest
around 50% plasmid-bearing.

e The plasmid-bearing cells (grown overnight in media
containing antibiotics) must be washed in sterile
media containing no antibiotic before inoculating
the experiments. This ensures that (1) no antibiotic
is transferred to the mixed culture flask which
could kill the plasmid-free cells (see Figure 1), and
(2) the plasmid-bearing population will be free to
segregate so that u* calculated from OD
measurements in this flask is accurately ascribed
to the plasmid-bearing cells (F should be measured
in this flask as well).

e The washed cells should be equilibrated in 1 ml
sterile media for one hour at 37°C before
inoculating the experiments so that the cells are
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FIGURE 3. In (1/F—1) versus time. This is the reduced
form of Eq. (7) for Cases I and Il. The slope of this line

is (W= — ).
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FIGURE 4. Optical density versus time. Predicted values
are based on p* (plasmid-bearing culture) and the re-
sults from Figure 3.

SUMMER 1990

exponentially growing upon inoculation in the
experiment flasks and smooth data are obtained
from the start (see Figure 1 vs. Figure 2).

¢ Although it may seem cumbersome, take data
frequently (approximately every twenty minutes
for OD and every forty minutes for I) so that
statistical significance can be established.

Results

Figure 1 is an example of a first attempt at this
experiment. None of the above mentioned points were
performed, and consequently this experiment was of
no value. Note that the mixed culture F actually in-
creased with time (the plasmid-free cells were killed
by residual antibiotic).

The experiment illustrated in Figure 2 was suc-
cessful. The growth rates of the cultures are listed in
Table 2.

In Figure 3, In(1/F - 1) is plotted versus t. The
slope, (- p*), was 0.114 hr and 95% confidence
limits were + 0.024 hr-'. The measured difference was
0.094 hr (0.511-0.417) which is within the 95% confi-
dence limits of (u-— w*) found from the plot in Figure
3. It is important to note that the value of p is there-
fore not significantly different than zero. The meas-
ured F from the E. coli RR1 [pBR329] culture was
always unity which also demonstrates that p = 0. The
growth of the mixed culture can be predicted from the
growth rates of the other two flasks and the initial OD
(Py and N;). The predicted growth of the mixed cul-
ture and the actual data are shown in Figure 4. Excel-
lent agreement between the experiment and predic-
tions is obtained during the exponential phase, for
which the model equations are appropriate.

A different experimental host/vector system (with
low copy number and small growth rate differential,
so that w* p > pn- — p+, Cases III and IV) can lead
to an indirect measurement of the plasmid copy
number, Np. The data (F) are plotted using a slightly

TABLE 2
Specific Growth Rates and 95% Confidence Limits for
the Three Shake Flask Cultures

u * 95% limits
Culture hr? onpu
E. ColiRR1 0.511 0.008
Mixed Culture 0.461 0.010
E. coliRR1 [pBR329] 0.417 0.006
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different simplification of Eq. (7):
N
ln(%)=ln(l+ P:j+(p*p)t (9)

where the slope yields p. Np can then be calculated
using the following results from Seo and Bailey [6]

_{n(2-9)

£n(2)
The experimental measurement for Np is quite labor
intensive.

=] and §=21"Ne (10)

SUMMARY

This lab can provide an introduction to micro-
biological techniques, mathematical modeling, and
statistical methods while studying a problem of cur-
rent importance in biotechnology. As previously men-
tioned, two handouts are available from the authors:
one describes the mathematical and experimental pro-
cedures in detail, and the other is the pre-lab handout
for the students. Over the past three years, this labor-
atory has evolved into the present form and continues
to be enhanced from the student input which is re-
quested in their written reports.
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REVIEW: Physical Polymer Science
Continued from page 135.

American Chemical Society has taken action. The
ACS Committee on Professional Training has issued
guidelines for “approved degree programs” [Chem. &
Eng. News, p 49, May 1, 1989]. In addition to a core
curriculum of elementary, organic, and physical chem-
istry, the approved program in chemistry/polymers
calls for two semesters of polymer science (physical
and organic), laboratory work, and an advanced course.

Sperling has written a textbook which fits the
ACS criterion admirably. In general, the topics cov-
ered are those suggested for a course in Physical
Chemistry of Polymers in a syllabus issued by the
Joint Polymer Education Committee of the ACS
(Polymer Education Newsletter, Spring, 1989). Since
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the book presupposes no previous knowledge of poly-
mers beyond the usual undergraduate organic and
physical chemistry courses, the first chapteris a brief
introduction on polymerization which mainly serves
to supply a vocabulary of basic polymer terminology.

In the first third of the book, a chapter on chain
structure and configuration includes discussion of
some methods of characterization. This is followed by
chapters describing concepts of molecular weight as
well as solution and phase behavior.

The remainder of the book emphasizes proper-
ties of bulk polymers. This includes chapters on crys-
tallinity, classes, and rubber elasticity. Viscoelasticity
and mechanical behavior (failure tests) complete the
coverage.

The ACS Syllabus for a course in Physical Chem-
istry of Polymers is rather broad and includes some
topics not covered in Sperling’s book. Many chemical
engineers would probably have been exposed to rhe-
ology in other courses so the omission of non-Newto-
nian flow (at the level of the power-law and the Ellis
model, for example) can be overlooked. The ACS
syllabus also suggests topics in polymer processing
(molding, extrusion, etc.) which are beyond the scope
of the present book.

In this day when most polymer books tend to be
collections of papers presented at meetings, a text-
book with a single author is something of a novelty.
The unified viewpoint and consistency of treatmentin
this book should make it very convenient to use as a
text. Each chapter concludes with a “Homework”
section containing both numerical and essay-type
questions which are useful for self-study or as class
assignments. In addition to the many specific refer-
ences in each chapter, there are suggestions for gen-
eral reading, most of which are authored (rather than
edited) books. The language of the text is quite easily
understood and the general organization is neat and
consistent.

In addition to the chemistry/polymers topic, ap-
proved curricula in specialty areas of chemistry/bio-
chemistry and chemistry/education also have been
adopted by ACS. Itis noteworthy that in commenting
on the usefulness of these new options, M.J. Caserio
ofthe ACS Professional Training Committee is quoted
as saying, “...90% of the graduates in chemistry who
enter the job market will find themselves working in
some area dealing with macromolecules.” Those of us
who labor in the polymer vineyards of chemical engi-
neering have been saying the same thing about our
graduates for many years. This book is a welcome
addition to the expository literature for teachers and
students in the field of macromolecules. (1
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