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ABSTRACT: The idea that plasmids replicate within hosts at the expense of cell metabolic energy and
preformed cellular blocks depicts plasmids as a kind of molecular parasites that, even when they may
eventually provide plasmid-carrying strains with growth advantages over plasmid-free strains, doom
hosts to bear an unavoidable metabolic burden. Due to the consistency with experimental data, this idea
was rapidly adopted and used as a basis of different hypotheses to explain plasmid-host interactions.
In this article we critically discuss current ideas about plasmid effects on host metabolism, and present
evidence suggesting that the complex interaction between plasmids and hosts is related to the alteration

of the cellular regulatory status.
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I. INTRODUCTION

By definition, plasmids are extrachromo-
somal fragments of DNA that can autoreplicate
with different degrees of autonomy from chro-
mosomal DNA and can be found free in the cyto-
plasm or associated with the cellular membrane
and macromolecules (Clowes, 1972; Hardy, 1986;
Sasakawa et al., 1980; Firshein et al., 1982;
Tomizawa, 1984; Tomizawa, 1985; Perriet al.,
1991; Michaels et al., 1994; Mei et al., 1995;
Firshein and Kim, 1997; Radnedge and Richards,
1999). Any attempt to give a more precise defi-
nition of plasmids will be under the risk of ex-
cluding other plasmids that do not fit into this
definition, due to the great variety of plasmids
reported for microorganisms, most of which were
not properly described yet. Plasmid character-
ization involves not only the determination of
some structural features, for example, size, mo-
lecular weight, type of plasmid, number of genes
carried, restriction and genetic map, sequence,
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etc., but also the study of other molecular mo-
tifs such as origin of replication, mechanism of
replication and partition, characterization of plas-
mid genes involved in replication, as well as
other host proteins necessary for plasmid rep-
lication and partition (Austin, 1988; Kues and
Stahl, 1989; Nordstrom, 1989; del Solar et al.,
1998). From a technological point of view, all
this information is important, because the more
knowledge we have about a particular plasmid,
the easier will be to use and transform it as a
useful genetic tool for biotechnological applica-
tions (Bolivar and Backman, 1979; Radnedge
and Richards, 1999). However, the informa-
tion we have about most plasmids is regretta-
bly scarce and hence insufficient to predict their
behavior or influence on host metabolism. Even
for well-characterized plasmids, systematic stud-
ies of plasmid-host interactions have not yet been
carried out, presumably due to the complexity
of the interactions involved. The introduction of
plasmids into Escherichia coli induces a large
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number of changes, ranging from perturbation
in the mechanism of DNA replication, transcrip-
tion, and translation (Katz et al., 1973; Hasunuma
and Sekiguchi, 1977; Weinberger and Helmstetter,
1979; Zund and Lebek, 1980; Lee and Bailey,
1984, Peretti and Bailey, 1987; Wood and Peretti,
1990, 1991; Birnbaum and Bailey, 1991), inter-
action with cellular membrane (Gustafsson et
al., 1983; Firshein and Kim, 1997), alteration of
carbon and energy metabolisms (Klemperer et
al., 1979; DaSilva and Bailey, 1986; Cheah et al.,
1987; Khosravi et al., 1990; Diaz Riccietal., 1992;
George etal., 1992; Andersson et al., 1996), and
the alteration of other functions provoked by the
modification of the mechanisms already men-
tioned (Bailey, 1993). Furthermore, because plas-
mids rarely encode functions that are absolutely
necessary for the host growth under laboratory
conditions, one may be inclined to think that they
will always negatively affect hosts, but that is not
necessarily so. In nature, plasmids usually provide
hosts with some growth advantage over strains
lacking those plasmids, and this therefore con-
stitutes the first line of evidence showing that
under certain cultural conditions plasmids can
positively affect host performance.
Experimental evidence also shows that plas-
mid-carrying hosts tend to get rid of their plasmids
when growing under condition of nonselective
pressure. The question is then, what makes a host
keep or lose a plasmid? Experience demonstrates
that the phenomenon of plasmid loss is neither
a plasmid nor host choice, but rather a statisti-
cal event that allows daughter cells to inherit a
genetic repertoire deprived of plasmids, or plas-
mids carrying an impaired replicative capacity
(Helinski et al.,1996). The rest is only a matter
of time and the opportunity of plasmid-free cells
to grow in a nonselective medium (Lenski and
Bouma, 1987). However, although faster-grow-
ing organisms (usually plasmid-free cells) will
always be selected over the plasmid-containing
cells, the process by which this selection oper-
ates is not clear or easy to understand, because it
lays hidden somewhere behind extremely com-
plicated biological mechanisms linked to cellu-
lar metabolism, and depends on the nature of the
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metabolic alterations induced by plasmids. In fact,
there is a broad range of host-plasmid interac-
tions that affect plasmid stability and rate of
plasmid loss (Basset and Kushner,1984; Ream
et al., 1978; Godwin and Slater, 1979; Jones et
al., 1980; Nordstom et al., 1980; Helling et al.,
1981; Noack et al., 1981; Hakkaart et al., 1982;
Ray and Skurray, 1984; Tucker et al., 1984; Lee
and Edlin, 1985; Biek and Cohen, 1986; Warnes
and Stephenson, 1986; Hopkins et al., 1987;
Austin,1988; Nasri et al., 1988; Brownlie et al.,
1990; Williams and Thomas, 1992; McLoughlin,
1994; Helinski et al., 1996; Corchero et al., 1998).

If a major concern of biotechnology is to
preserve genetic information contained in plas-
mids, it is therefore critical that we manipulate
hosts and plasmids so that the information is
not lost during cell growth. Based on new find-
ings about plasmid maintenance effects on the
metabolism of Escherichia coli, we discuss in
this communication possible strategies that may
greatly contribute to improve plasmid stability.

This review is focussed specifically on the
effect of plasmids on the metabolism of E. coli
and does not discuss plasmid effects on other
organisms or the effect of the expression of het-
erologous genes on host cell metabolism. This
posture is necessary, because the physiology of
other organisms may greatly differ from E. coli
and also because when recombinant proteins are
overexpressed they can generate a tremendous
variety of interactions that would mask any
subtle effect induced by plasmid replication on
host metabolism (DaSilva and Bailey, 1986;
Bentley et al., 1990). For more comprehensive
reviews on this subject, we suggest the reviews
of Bailey (1993) and Glick (1995).

Il. INFLUENCE OF PLASMIDS
ON THE HOST GROWTH RATE

Among all possible alterations induced by
plasmids in hosts, the growth rate is the most
noticeable cellular function affected. Perhaps
this is the topic that has accumulated the most
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significant amount of evidence showing that plas-
mids do affect cell growth. Batch and continu-
ous cultures of mixed populations of plasmid-
free and plasmid-containing strains have been
used in a great variety of experiments (many of
which were not carried out specifically to dem-
onstrate this phenomenon) to show the effect
of plasmids. on cell growth (Dale and Smith,
1979; Godwin and Slater, 1979; Jones et al.,
1980; Helling et al., 1981; Noack etal., 1981; Seo
and Bailey, 1985; De Bernardez and Dhurjati,
1987; Nasri et al., 1988; Stephanopoulos and
Lapidus, 1988; Reinikainen and Virkajérvi, 1989;
Mason and Bailey, 1989; Bentley and Kompala,
1990; Brownlie et al., 1990; Diaz Ricci et al.,
1992; Mosrati et al., 1993, Andersson, 1996; Tiemy
et al., 1999). All the evidence confirms that in
mixed populations the plasmid-free strain will
always overgrow the plasmid-bearing strain,
provided that experiments are carried out with-
out selective pressure (i.e., antibiotics), or that
the plasmid does not grant the host an essential
metabolic function necessary to grow in poor
or mineral media.

If we want to analyze the effect of plasmids
on cell growth, there are three situations that can
take place and should be considered separately.

The first situation is when only one type of plas-
mid replicates within a host; that is the case of
cloning vectors expressing only the genes nec-
essary to replicate themselves and to segregate
into daughter cells and do not overexpress any
foreign gene. The second case is when a plas-
mid overexpresses homologous or heterologous
cloned genes. That is the case of expression vec-
tor during induction, which should be considered
separately, although it unavoidably includes the
first case. Finally, the last situation takes place
when hosts harbor more than one type of com-
patible plasmid (Novick et al., 1976); therefore,
they can coexist in the same host and influence
simultaneously the same genetic background.
It has been shown that plasmid size and
copy number are the variables that impact most
negatively on cell growth when the plasmids
do not overexpress any cloned gene (Zund and
Lebek, 1980; Seo and Bailey, 1985; DaSilva and
Bailey, 1986; Cheah et al., 1987; Ryan et al.,
1989; Smith and Bidochka, 1998), and both vari-
ables are somehow indirectly related. Table |
shows that small plasmids usually exist in cells
in a large number of copies, for example, 30 to
500 copy/genome, whereas larger plasmids are
usually present in moderate (i.e., 10 copy/genome)

TABLE 1
Size and Copy Number of Commonly Used Plasmids
Plasmid Size [kb] Copy number? Ref.
puUC19 2.7 ~500 Norrander et al., 1983
pGEM 2.7 ~500 Sambrook et al., 1989
pACYC184 3.9 ~18 Chang and Cohen, 1978
pBR322 4.3 ~18 Balbas et al., 1986
pSC101 5.6 67 Cohen et al., 1977
Hasunama et al., 1977
ColE1 6.6 ~24 Chan et al., 1985
pRK248 9.6 8 Bolivar et al., 1979
RK6 400 15-20 Jacob et al., 1979
RK2/RP4/RP1 56 4-7 Figurski et al., 1979
Thomas, 1981
NR1(R100) 95.5 1 Womble and Rownd, 1988
F 95.5° 1-2 Low, 1972

3 Per chromosome equivalent.

b Calculated from MW (660 Da/bp].
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to a single copy. In any case, theoretical and ex-
perimental work confirmed that the higher the
copy number or the size of plasmids, the more
severe will be the impact on cell growth (Zund
and Lebek, 1980; Seo and Bailey, 1985; DaSilva
and Bailey, 1986; Warnes and Stephenson, 1986;
Ryanetal., 1989; Bentley and Kompala, 1989).
However, no matter how large the effect of copy
number or plasmid size on the cell growth rate,
the effect of overexpressing any gene from a
plasmid on cell growth is strikingly higher. The
latter, which corresponds to the second situation
mentioned above, was clearly demonstrated by
DaSilva and Bailey (1986) when they evaluated
the consumption of ATP under different situa-
tions by using stoichiometric analysis (Stouthamer,
1973; Stouthamer and Bettenhaussen, 1973). Their
results showed that ATP consumption for plas-
mid replication (i.e., maintenance), regardless of
the size or copy number, is small compared with
the energy consumed when overexpressing a gene
cloned in the plasmid. This means that if we as-
sume that the amount of ATP consumed is di-
rectly related to the duplication rate, the impact on
the cell growth of plasmids expressing recom-
binant proteins will be much larger than in cells
only maintaining plasmids. The latter was also
confirmed by numerous reports (Lee and Bailey,
1984; DaSilva and Bailey, 1986; Bentley and
Kompala, 1989; Bentley etal., 1990; George et al.,
1992), although the real mechanism of such be-
havior has not yet been properly characterized.

In the third situation mentioned above, we
should consider the case that a single organism
may harbor several distinct plasmids. Unfortu-
nately, only scarce information is available about
the real contribution of each plasmid to the host
growth rate. It is assumed that each species of
plasmid would contribute independently to affect
the cell, and the overall effect on growth rate
would be greater than in the case of single-plas-
mid-harboring cells (Rhee et al., 1994; Diaz
Ricci et al.,1995).

This information leads to the conclusion that
a host can sustain the replication of a certain
amount of extrachromosomal DNA without ex-
tremely severe effects on its growth rate, but the
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more the biosynthetic machinery is dedicated to
replicate the plasmid and/or synthesize recom-
binant proteins, the slower a microorganism
will grow. The intriguing thing is that, despite
experimental evidence confirming that plasmids
negatively affect host growth rates, the real mecha-
nism underlying this process remains elusive
and unclear.

Let us now take a closer look at how the
experimental evidence regarding the plasmid
effect on cell growth is obtained. Experiments
in batch cultures can be carried out with pure or
mixed populations of plasmid-harboring and
plasmid-free strains, and specific growth rates
of strains are evaluated by measuring the change
of cell concentration in a given period of time.
Cell concentration is determined either by plat-
ing, direct counting, optical density, dry weight,
fluorescence, or any other more sophisticated
method. When plasmid-containing and plas-
mid-free strains are grown separately, the same
medium containing or lacking the compound
that exerts the selection pressure is used, respec-
tively. In this case, experience indicates that cul-
tures of plasmid-containing cells will grow more
slowly than plasmid-free cells, as depicted in
Figure 1.

On the contrary, when experiments are car-
ried out with mixed cultures, we should let the
plasmid-free and plasmid-harboring strains grow
in the same medium without selection pressure
if we want to observe the evolution of both popu-
lations. In this case, the analytical method rec-
ommended for monitoring both populations must
change, because now we need to evaluate the
number of individuals that belong to each popu-
lation, that is, a method that would allow us to
discriminate plasmid-containing and plasmid-
free cells is required. The latter can be accom-
plished by two methodologies: using a flow
microfluorimeter, which is probably the most
accurate analytical method available but implies
a relatively cumbersome procedure (Srienc et al.,
1983, 1986), or using a plasmid-encoded gene
product that would provide the host a cultural
advantage over the plasmid-free cell (i.e., an anti-
biotic-resistance marker). In practice, the latter
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FIGURE 1. Influence of plasmid maintenance on the growth rate of
the E. coli strain HB101 carrying no plasmid (square), the plasmid
pUC19 (circle), and the plasmid pRK248 (diamond). Strains were
cultivated in a shaker (200 rpm, at 30°C), separately, using LB
medium. Ampicillin (100 pg/ml) and tetracycline (15 ug/ml) were
added to the medium where the strain bearing pUC19 or pRK248
were cultivated, respectively. Plasmids pUC19 (2.7 kb) and pRK248
(9.6 kb) have no cloned insert and express genes involved in repli-
cation and antibiotic resistance only. pRK248 is a RK2 derivative
lacking the tra genes (Bolivar et al., 1979).

is carried out simply by plating samples of cell
suspension in media with and without the ele-
ment used to generate the selective pressure
(i.e., antibiotic). The results of a typical experi-
ment are presented in Figure 2; there we can
see that the population of plasmid-free cells will
slowly replace plasmid-containing cells.
Although these two experimental approaches
show similar results, they provide qualitatively
distinct kinds of information. Whereas in pure
cultures each strain grows under conditions that
allow it to maintain its original genetic extrachro-
mosomal background due to the selection pres-
sure, in the second case, plasmid-containing cells
grow in a medium without selection pressure.

This apparently simple change introduced in the
medium allow plasmid-free cells to compete with
plasmid-containing cells, rendering the slow re-
placement of the latter population by the former;
if we had started with a pure culture of plasmid-
containing cells, the question then is where did
the plasmid-free cells come from? Clearly, this
phenomenon is due to a spontaneous process
called plasmid loss, which contributes to an in-
crease in the plasmid-free population at the ex-
pense of the plasmid-containing population (Lenski
and Bouma, 1987; Helinski et al., 1996)).

In continuous culture, these experiments
can be carried out with pure or mixed cultures.
When using pure cultures, the plasmid-bearing
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FIGURE 2. Growth kinetics of the strain HB101 of E. coli carrying the
plasmid pRK248. Cells were grown in a shaker (200 rpm, at 30°C) with
antibiotic-free LB medium. The inoculum used (1/100 final volume) was
an overnight culture of HB101 carrying the plasmid pRK248 grown in LB
medium without antibiotic. The evolution of plasmid-free segregant and
plasmid-bearing population were determined by plate counting. Suspen-
sion samples were conveniently diluted and spread in LB plates supple-
mented with tetracycline (15 ug/mi) and plates without tetracycline.
Symbols denote: total cell suspension (square), plasmid-containing cells
(circle), and plasmid-free cells (diamond).

and the plasmid-free strains are grown separately
in the same media with or without selection pres-
sure, respectively. In this case, not only the cell
concentration at steady states are affected, but
critical dilution rates (Dc) as well. Figure 3 shows
that the higher the dilution rate (e.g., growth rate),
the more severe the effect of the plasmid on growth.
In continuous cultures of mixed populations,
however, the phenomenon of population displace-
ment is much easier to observe, because the cul-
ture system permits a longer period of selection
at fixed dilution rates. This type of experiment
allows the evaluation of the rate of population
exchange or the so-called “plasmid loss rate” at
different dilution rates (Godwin and Slater, 1979;
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Jones et al., 1980; Helling et al., 1981; Noack
et al., 1981). In Figure 4 we present a typical
experiment where the influence of the dilution
rate can be observed (D) on the plasmid loss
rate (r,). Figure 4 shows that the higher the
dilution rate, the higher the plasmid loss rate.

Let us now take a brief look at the phenom-
enon of plasmid loss and its effect on cell growth.
Two major events contribute to plasmid loss:
(1) a failure of plasmid replication, and (2) an
anomalous partition of plasmids during cell divi-
sion (Summers and Sherrat, 1984; Williams and
Thomas, 1992; Helinski et al., 1996). However,
although both are important events determining
plasmid stability, they cannot be detected imme-
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FIGURE 3. Growth pattern of the strain HB101 without plasmid (solid
line) and carrying the plasmid pRK248 (dotted line) in a continuous
culture. Experiments were carried out under aerobic conditions (500 rpm,
0.5 slpm of air) at pH 7.0 and 30°C. HB101 without plasmid was culti-
vated in antibiotic-free LB medium and HB101 harboring the plasmid
pRK248 was cultivated in LB supplemented with tetracycline (15 g/l) in
separate experiments. Critical dilution rates were Dc, =1.8 h™' for
HB101 without plasmid and Dc,=1.2 h™! for HB101 with pRK248.
Plasmid pRK248 has no cloned insert and expresses genes involved

in replication and antibiotic resistance only.

diately or directly but through the process of
population selection. Moreover, the latter 1s not
a specific process induced by the event of plas-
mid loss but by the coexistence of two popula-
tions with different growth rate. Selection will
always operate by letting the faster strain, nor-
mally the plasmid-free strain, overgrow the slower
one, usually the plasmid-containing strain (Godwin
and Slater, 1979; Jones et al., 1980; Lenski and
Bouma, 1987; Nasr et al., 1988; Brownlie et

al., 1990). If cultures were completely homoge-

neous and stable, they could be kept as pure cul-

tures and spontaneous plasmid loss would not

take place, hence the selection process could not
be observed. However, the latter does not hap-

pen in the absence of selective pressure. In pure
cultures of plasmid-harboring cells growing in
the absence of selection pressure, the initially ho-
mogeneous plasmid-containing population will
always spontaneously segregate plasmid-free
cells and then the process of selection will start
(Lenski and Bouma, 1987).

In experimental work, plasmid stability or
plasmid loss rate is regularly evaluated by plat-
ing samples of cell suspension in selective and
nonselective media, and by counting colonies of
plasmid-free and plasmid-harboring cells (Godwin
and Slater, 1979; Jones et al., 1980; Meacock
and Cohen, 1980; Nordstom et al., 1980; Helling
etal, 1981; Noaketal., 1981; Ray and Shurray,
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FIGURE 4. Segregation of plasmid-free (dashed line) from plasmid-con-
taining (pRK248) HB101 strain (dotted line) grown in continuous culture at
different dilution rates. Solid line denotes total cell population (plasmid-
containing + plasmid-free cells). Experimental set up as described in Fig-
ure 3 except that the medium (LB) was not supplemented with antibiotic
and the evolution of plasmid-free and plasmid-bearing population were
determined by plate counting, as described in Figure 2. Plasmid loss rate
(r.) is evaluated from the slope of the linear regression (dashed-dotted line)
of the evolution profile of plasmid-containing cells. Plasmid loss rate evalu-
ated from these data shows that the population of plasmid-containing cells
decreases in rate of 0.4% (r,,) and 1% (r,,) of the original popuiation
(100%) per generation time, at D=0.1 h-' and D =1.2 h™', respectively.

'1984; Tucker et al., 1984; Lee and Edlin, 1985;

Austin, 1988; Biek and Cohen, 1986; Warnes
and Stephenson, 1986; Nasri et al., 1988; Bentley
etal., 1990; Bentley and Kompala, 1990; Brownlie
et al., 1990). However, if we carefully analyze
the process that takes place in the fermentor and
the information obtained with colony counts, we
would realize that the only phenomenon we can
observe is a population replacement from plas-
mid-bearing to plasmid-free cells. Hence, with
this procedure what we evaluate is not strictly the
“rate of plasmid loss” as it is usually reported
but the “rate of population exchange”. Conse-
quently, we would conclude that this experimen-
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tal approach is totally inappropriate to evaluate
the real event of plasmid loss. Plasmid loss is
related to unpaired segregation, uneven partition
during cell division or plasmid replication, and
these events are spontaneous and rare (Helinski
etal., 1996; Firshein and Kim, 1997). The confu-
sion probably comes from the method used for
detecting these processes and from the fact that
under nonselective pressure there is no way to
avoid an event of plasmid loss. On the other hand,
it has been reported that cells carrying plasmids
show a “dormancy” effect that could further af-
fect the evaluation of plasmid-containing popu-
lations by plate counting (Andersson et al., 1996).
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In practice it is extremely difficult to obtain and
maintain a pure population of plasmid-harbor-
ing cells if a selection pressure is not used. The
latter was clearly discussed by Lenski and Bouma
(1987). They observed that the real rate of plas-
mid loss is too low to be measured; therefore,
segregation and selection should be evaluated si-
multaneously, although they are different phenom-
ena. Furthermore, their experiments suggested
that the rate of selection observed could not be
attributed to a single event of plasmid loss but
rather to multiple successive or parallel plasmid-
loss events occurring during cell growth (Lenski
and Bouma, 1987). However, it is clear that re-
gardless how many plasmid-loss events take place,
the mechanism of selection operates by letting
the population of cells that show an enhanced
metabolism, and ultimately the growth rate, to
overgrow the other population; usually that
happens to plasmid-free cells. Because differ-
ent rates of plasmid loss have been reported for
different plasmids and different culture condi-
tions (Godwin and Slater, 1979; Jones et al.,
1980; Meacock and Cohen, 1980; Noack et al.,
1981; Nasri et al., 1988; Brownlie et al., 1990),
they may indicate that: (1) the selection process
affects some hosts more severely than others,
(2) the segregation process operates differently
in some hosts, (3) there are different mechanisms
of plasmid segregation that induce the uneven
plasmid partitioning between mothers and daugh-
ters, (4) there are different mechanisms of plas-
mid loss due to multiple impaired replication
mechanisms, and (5) a combination of any of the
preceding factors. Answers to all these questions
are not easy to find because systematic studies
to survey the stability of plasmids on different
hosts, and the contribution of segregation and
selection of the same plasmid in different hosts
or different plasmids in the same host have not
been done.

From a technological point of view, it would
be highly desirable to eliminate plasmid loss.
For years the major effort in biotechnology was
devoted to try to understand the mechanism of
plasmid loss in order to provide plasmids the maxi-
mum stability possible. The effort was concen-

trated on designing plasmids that would syn-
chronize their replication clocks with the host
DNA replicative machinery so that they would
guarantee a regular partition during cell division
(Meacock and Cohen, 1980; Lobner-Olesen et
al., 1987), or proposed different genetic and cul-
tural strategies that would contribute to stabi-
lize plasmids (Basset and Kushner, 1970; Hakkaart
etal., 1982; Reamet al., 1978; Godwin and Slater,
1979; Jones et al., 1980; Nordstom et al., 1980;
Helling et al., 1981; Noak et al., 1981; Ray and
Shurray, 1984; Tuckeretal., 1984; Lee and Edlin,
1985; Austin, 1988; Biek and Cohen, 1986;
Warnes and Stephenson, 1986; Nasri et al., 1988;
Brownlie et al., 1990). Unfortunately, all at-
tempts proved to be only partially successful
due to the complexity of the mechanisms in-
volved and the stochastic nature of the process
of plasmid loss. In any case, as long as the
effect of plasmids on cell growth remains un-
clear, it is impossible to develop rational bio-
technological strategies that would guarantee
plasmid stability through a positive selection
process.

If we think about a plausible mechanism by
mean of which plasmids could affect host growth
rates, it seems reasonable, at least from stoichio-
metric stand point, that plasmids may affect hosts
due to the consumption of a hypothetic limiting
intracellular metabolite that would lead to a me-
tabolic bottle-neck or would cause a biosynthetic
collapse. With the aim of characterizing that
hypothetic limiting intracellular metabolite,
many theories have been proposed in an effort
to explain this “simple” kinetic phenomenon.
One of the most solid candidates was ATP,
because it is involved not only with the energy
available for cell synthesis, but provides struc-
tural blocks for the synthesis of DNA and RNA
as well. Detailed mass and energy balances of
E. coli-carrying plasmids suggested that the hy-
pothesis of the existence of a fundamental intra-
cellular metabolite that can become limiting,
and for that reason affect the cellular metabo-
lism, was credible indeed, and ATP (and GTP
to a lesser extent) fulfilled these requirements
(DaSilva and Bailey, 1986; Glick, 1995). Under
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this prespective, a plasmid can be visualized as
an intracellular molecular parasite that withdraws
vital elements from hosts. Furthermore, if ATP
is regarded as the most important intracellular
metabolite related to cell growth and we as-
sume that growth rate depends on the availabil-
ity of ATP, then if the maintenance of a plasmid
consumes certain amounts of ATP equivalents,
then plasmid-free cells would grow faster than
plasmid-harboring cells. The same reasoning was
applied to plasmid overexpressing recombinant
protein (DaSilva and Bailey, 1986). However,
as we discuss in the following section, there was
an important variable that was not included in
these considerations. Theoretical analyses of plas-
mid effects on host growth rates have concen-
trated almost exclusively on the growth process,
making assumptions that turned out to be not
completely correct. In theoretical models and
discussion of experimental results, it was sys-
tematically assumed that the glucose metabo-
lism and oxygen uptake rate of plasmid-free
and plasmid-bearing cells did not change. There-
fore, when the amount of material and energy
required for plasmid maintenance was evalu-
ated, it was assumed that the amount and rate
of synthesis of ATP remained unchanged in
plasmid-harboring and plasmid-free cells. Al-
though at that time there were no reports about
the influence of plasmids on host cell glucose
and oxygen metabolism, we now know that this
assumption was incorrect because cells carry-
ing plasmids do modify their metabolism. These
new findings not only demand a change in the
hypothesis about possible mechanisms of plas-
mid effects on host growth rates, but also lead
to new strategies to increase plasmid stability and

~ diminish the negative impact of plasmid main-

tenance on host growth rate.

lll. INFLUENCE OF PLASMIDS
ON THE HOST METABOLISM

As theoretical and experimental results dem-
onstrated that the maintenance of plasmids exerts
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only a slight burden onto the global metabolism
of the host while the overexpression of recom-
binant proteins contributes greatly to increments
that burden (DaSilva and Bailey, 1986; Bentley
et al., 1990), no alternative mechanism aiming
to explain the phenomenon of overgrowth was
proposed. Hypotheses about the influence of plas-
mid maintenance in hosts were totally based on
the phenomenon of selection of plasmid-free
cells against plasmid-containing cells, ergo, by
the evaluation of cell growth rates exclusively.
Although this experimental observation is cor-
rect, it is not sufficient to validate a general hy-
pothesis about the effects of plasmids on hosts.
Somehow, it seems that it was overlooked that
cellular growth is always accompanied by car-
bon consumption, glucose being the main source
of carbon and energy, and other metabolic pro-
cesses that contribute to sustain that growth. It
was relatively easy to extrapolate results ob-
tained from stoichiometric modeling, and to in-
fer that if the “metabolism” of ATP changes as
result of plasmid replication, or gene overex-
pression, then most of the cellular mechanism
in which ATP is directly or indirectly involved
would change (Bailey, 1993; Glick, 1995). Al-
though polyacrylamide gels showed ditferent
protein-fingerpfinting patterns between plasmid-
harboring and plasmid-free cells due to a pertur-
bation of gene expression, it was attributed to a
shift in the distribution of RNA polymerase and
other “pleiotropic” effects induced by plasmids
on the host’s regulatory mechanisms (Birnbaum
and Bailey, 1991; Bailey, 1993; Peretti et al.,
1989: Wood and Peretti, 1990,1991).
However. a novel plasmid effect reported
by Diaz Ricci et al. (1991a) raised new ques-
tions about the real target of plasmid mainte-
nance on cellular metabolism. Interestingly, they
reported that the plasmid-containing E. coli strain
HB101 showed an enhanced glucose uptake rate,
with respect to the plasmid-free strain, and that
apparently “irrelevant” increase of the glucose
uptake was accompanied with a faster drop of
the extracellular and intracellular pH, higher accu-
mulation of lactic, acetic, formic, and succinic
acids (Diaz Ricci et al., 1991a). The evaluation
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of the intracellular metabolites concentration (e.g.,
NTP,NDP, UDPG, and FDP) also showed higher
values for HB101 carrying the plasmid pUC19
(Diaz Ricci et al., 1991a). The latter was sug-
gested earlier by Shimosaka et al. (1982); they
reported a slight increase of the ATP formation
activity in the strain C600 carrying the plasmid
pBR322 with respect to the same strain carry-
ing no plasmid. Nonetheless, those authors did
not comment about this phenomenon, probably
due to the error involved in each measurement.
Later, the effect of plasmids on glucose metabo-
lism was confirmed by Diaz Ricci et al. (1992),
who showed that although plasmid pUC19 slightly
affected the host growth rate, as expected, the
glucose metabolism exhibited a dramatic boost.
The evaluation of intracellular fluxes also re-
vealed a dramatic increase in the glucose uptake
rate accompanied with the increase of ATP and
fermentation byproducts synthesis rates (Diaz
Ricci et al., 1992).

These data let us conclude that the original
hypothesis that ATP was the intracellular lim-
iting-component proposed in earlier papers (Lee
and Bailey, 1984; DaSilva and Bailey, 1986;
Bentley and Kompala, 1989; Bentley et al., 1990)
is not correct. Curiously, with the exception of
results obtained for Bacillus subtilis by Byme
(1990), the paper published by Diaz Ricci et al.
(1992) is the only one that we are aware of that
clearly shows the effect of plasmid maintenance
on growth and glucose metabolism. Furthermore,
results shown in these papers together with those
reported by Khosravi et al. (1990) indicated, for
the first time, that plasmids might affect hosts
through a totally different mechanism than that
initially proposed, and this may have important
consequences when testing hypotheses of the ef-
fect of plasmids on cell metabolism. Later, Diaz
Ricci et al. (1995) confirmed that plasmids af-
fect hosts by enhancing the glucose uptake rate,
but the intensity of the effect was somewhat plas-
mid and host dependent. Figure 5 shows that
although growth rates are slightly affected by
the type of plasmid, glucose consumption rates
increased significantly in HB101 carrying any
plasmid. In order to test whether this phenom-

enon could be observed with other hosts, simi-
lar experiments were carried out with the E.
coli strains DH1 and JM109 under identical
experimental conditions and the results are pre-
sented in Table 2. There we can see that al-
though this phenomenon takes place with all
plasmids and hosts tested, the intensity of in-
duced plasmid effects on specific growth and
glucose uptake rates depends on the particular
host-plasmid pair. In Figure 6 and Table 2, we
can also see that for an increasing number of
compatible plasmids maintained within a host,
the influence on the growth and glucose me-
tabolism becomes more severe. From all of the
evidence presented, we can conclude that plas-
mids dramatically alter the metabolism of glu-
cose regardless of the host or plasmid under
study. Diaz Ricci et al. (1995) suggested that
the increase of glucose uptake rate may be due
to the enhanced expression of proteins partici-
pating in the mechanism of glucose uptake, that
is, proteins involved in the phosphotransferase
system (PTS), which is the main mechanism of
glucose uptake in E. coli (Postma et al., 1996).

The mechanism of glucose transport through
the PTS system involves four different proteins,
for example, EI, HPr, and IIA#" and glucose
permease, which interact with each other in a
cascade reaction, transporting a phosphate from
the phosphoenolpyruvate (PEP) to glucose and
each protein is encoded by the genes ptsl, pstH,
crr, and ptsG, respectively (see scheme shown
in Figure 7). It has been shown that not only the
pts operon is subjected to positive regulation
mediated by the complex cAMP-CRP (Reuse
et al., 1992; Postma et al., 1996; Saier et al.,
1996), but also the activity of the enzyme adeny-
late cyclase can be activated by the phosphorylated
form of the protein IIA (P~IIA) (see Figure 7)
(Peterkofsky and Gazdar, 1978; Postma et al.,
1996; Notley-McRobb et al.,1997). Furthermore,
because the complex cAMP-CRP exerts a posi-
tive effect on the ptsG gene that encodes for the
glucose permease, an enhanced glucose uptake
rate should be expected. Consequently, the in-
tracellular concentration of PEP would increase
through the glycolytic pathway and hence the
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FIGURE 5. Effect of plasmid maintenance on the growth (solid) and glucose
consumption (open) of strain HB101 carrying no plasmid (square), and carrying
plasmids pMEO1 (circle), pACYC184 (diamond), and pRK248 (triangle). Experi-
mental conditions as described in Figure 1 and in Diaz Ricci et al. (1995).
Cultures were carried out separately and antibiotics were added according the
plasmid used: pMEO1, Ap (100 pg/ml); pACYC184, Cm (30 pug/ml); pRK248,
Tc (10 ug/mi). pMEO1 (2.4 kb) is a pUC19 derivative lacking the B-gal gene.
Plasmids pUC19, pACYC184, and pRK248 have no cloned insert and express
the genes involved in replication and antibiotic resistance only.

phosphate available to fuel the PTS system (see
Figure 7). This scenario clearly depicts a self-
activating system that may explain the correla-
tion found by Diaz Ricci et al. (1995) between
the intracellular concentration of cAMP and
the glucose uptake rate. In Table 3 we show the
intracellular values of cAMP and chromosomal
-galactosidase activity determined in differ-
ent strains of E. coli carrying different plas-
mids. From data presented in Tables 2 and 3 we
can see that there is a clear correlation between
the intracellular cAMP content, the glucose
uptake rate, and the activity of chromosomal
-galactosidase, which is also positively regu-
lated by the complex cAMP-CRP (see Figure
7). We could thereby infer that the glucose
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uptake rate enhancement observed may be due
to the activation or the enhanced expression of
the PTS operon. However, as we show in Fig-
ure 7, the regulatory status of the whole system
is hard to assess, because it presents an intri-
cate network of positive and negative regula-
tory loops, many of which have not been fully
characterized. It is noteworthy that plasmids
somehow alter the regulatory status of this
complex system that seems to be very sensitive
to perturbations of glucose metabolism and
catabolite repression. Hence, we propose the
hypothesis that plasmids affect host metabo-
lism through the perturbation of the cAMP-
CRP complex, which in turn causes the alter-
ation of the regulatory status of host regulons.
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TABLE 2

Effect of Plasmid Maintenance on the Specific
Growth and Glucose Uptake Rates of Different E. coli
Strains

pmax Glucose uptake rate

Plasmid HB101 DH1 JM109 HB101 DH1 JM109

None 043 042 046 036 032 027
puCi19 040 040 044 058 048 035
pACYC184  0.41 0.41 0.46 0.61 043 0.30
pRK248 040 041 0.44 050 042 0.34
Two 0.30 0.38 0.40 0.60 055 045
Three 020 025 035 063 060 048

Note: Cells were grown in shaker (300 rpm, at 30°C) using LB
medium supplemented with glucose (2 g/l) and antibiotic
according to the plasmid used (see Figure 5). Glucose up-
take rate was determined in cells harvested at mid-log phase,
washed and suspended in a phosphate buffer (50 mM, pH
=7.0) supplemented with glucose (2 g/l). Strains with two
plasmids carried pUC19 and pACYC184 and strains with
three plasmids carried pUC19, pACYC184, and pRK248.
Specific growth rate expressed in h-' and glucose uptake
rate expressed in gram of glucose consumed/gram of cell
dry weight per hour. Data partially extracted from Diaz Ricci

et al. (1995).

Regardless of whether the adenylate cyclase
(cya), the CRP protein (crp), or a PTS protein
(crr, ptsG) are the primary target of a plasmid’s
influence on E. coli metabolism (see Figure 7),
if this mechanism is confirmed by further ex-
perimentation, it would contribute to a better un-
derstanding of the complex interaction between
plasmids and hosts.

The literature indicates that the influence of
plasmids on host gene regulation has already been
detected but not clearly remarked by authors,
probably due to the magnitude of the deviations
observed—hardly noticeable changes—or the
error involved in each measurement. Shimosaka
et al. (1982) reported that in control experiments
they observed a slightly higher expression of the
chromosomal gene ¢pi (triosephosphate isomer-
ase) in the strain C600 when carrying the plasmid
pBR322 with respect to the same strain carry-
ing no plasmid. Also, Diaz Ricci et al. (1992)
reported a slight increase of the level of expres-
sion of heterologous alcohol dehydrogenase (adh)
and pyruvate decarboxylase (pdc) cloned into

pUCI18 and regulated by a plac promoter, with
respect to the level of expression of the plasmid-
encoded [B-lactamase.

Furthermore, if we analyze some plasmid
effects on host metabolism reported in the litera-
ture, we would also realize that the hypothesis
proposed in this communication can easily ex-
plain many of these observations, despite ex-
planations suggested by other hypotheses. For
instance, if we assume that plasmids can enhance
the glucose uptake rate, that would be enough to
induce the synthesis and accumulation of all fer-
mentation byproducts, including some intermedi-
ate metabolites. Hence, the phenomenon of growth
inhibition displayed by plasmid-harboring cells
could be easily explained by the metabolic stress
induced by the accumulation of end-products
(Chou et al., 1994; Aristidou et al.,1999) or any
sugar phosphates, as it was reported by Kadner
et al. (1992), instead of the limitation imposed
by an hypothetic intracellular metabolite. The
former explanation would be much more con-
vincing from a biochemical and physiological
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FIGURE 6. Effect of plasmid maintenance on the growth (solid) and glucose
consumption (open) of the strain HB101 carrying no plasmid {(square), one (pPMEO1,
circle), two (PMEO1 and pACYC184, diamond), and three (PMEQ1, pACY(C184,
pRK248, triangle) plasmids. Experimental conditions as described in Figure 5.

point of view than the latter. Furthermore, the
hypothetical limitation of ATP or GTP cannot
be sustained after the results reported by Diaz
Ricci et al. (1991a, 1992). They have demon-
strated that neither the intracellular concentra-
tion of ATP nor the specific rate of synthesis of
ATP become limiting or rate controlling. On the
contrary, they showed that the steady state con-
centration of ATP (Diaz Ricci et al., 1991a) and
the rate of ADP phosphorylation at substrate
level increased during glucose consumption in
the presence of plasmid (Diaz Ricci et al., 1992).

Seo and Bailey (1985) reported increasing
values of Ki (e.g., glucoside uptake inhibition
constant) for a-methylglucoside when HB101
carried plasmids with higher copy number. These
results indicated that strains with a higher plas-
mid content showed lower inhibitory effect of
o-methylglucoside, which is a competitive in-
hibitor of glucose in the glucose uptake process
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(Postma et al’, 1996). In other words, because
methylglucoside and glucose compete for the
same active site, and experiments were carried
out at constant and saturating glucose concen-
tration, the only explanation possible is that the
number of active sites would increase, which is
the amount of glucose/o-methylglucoside re-
ceptor (e.g., permease of the phosphotransferase
system) (Saier et al., 1996). From the point of
view of our hypothesis, the latter could be ex-
plained by the enhanced expression of PTS
proteins, particularly the ptsG gene (e.g., the per-
mease) that is positively regulated by cAMP-
CRP (Figure 7).

Ryan et al. (1989) reported results obtained
with a set of recombinant plasmids that ex-
pressed only their own B-lactamase. Conceptu-
ally, the experimental approach was similar
than the one proposed by Seo and Bailey (1985),
whereas the latter used a set of plasmids of
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FIGURE 7. Integrated scheme of the gene expression regulation of PTS components and the adenylate
cyclase (AC) activity in relation to the glucose metabolism (Saier et al.,1996; Postma et al.,1996).
Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FDP, fructose-1,6-diphosphate;
DHAP, dihydroxyacetone-phosphate; G3P, glyceraldehyde-3-phosphate; G13D, glycerate-1,3-diphos-
phate; PEP, phosphoenolpyruvate; El, PEP phosphotranster protein; P~El, phosphorylated form of
protein El; HPr, histidine-containing protein; P~HPr, phosphorylated form of protein P~HPr; 1A%y,
glucose-specific phosphotransfer protein; P~IlA, phosphorylated form of protein IlA%v; ptsH, gene-
encoding protein HPr; ptsl, gene-encoding protein El; err, gene-encoding protein 11A%Y; ptsG, gene-
encoding glucose permease; cya, gene-encoding adenylate cyclase; cAMP, cyclic AMP; cAMP-CRP,
cAMP-binding protein; crp, gene-encoding CRP-cAMP; B-gal, gene-encoding p-galactosidase (Saier et
al.,1996; Postma et al.,1996).

Glucose
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TABLE 3

Effect of Plasmid Maintenance on the Specific
Growth and Glucose Uptake Rates of Different E. coli
Strains

cAMP B-galactosidase

Plasmid HB101 DH1 JM109 HB101 DH1 JM109

None 10 18 17 0.84 095 —
puC19 30 30 32 1.40 1.60 —
pACYC184 22 27 30 1.30 1.48 —
pRK248 18 23 22 1.22 1.38 —
Two 30 32 35 1.90 1.90 —
Three 35 36 40 190 2.00 —_

Note: cAMP and B-galactosidase were determined from extracts of

cells grown in LB medium supplemented with giucose (2 g/l)
and harvested at mid-log phase. cAMP and B-galactosidase
are expressed in pmol/mg protein and U/mg protein, respec-
tively. One unit of B-galactosidase hydrolyzed 1 umol of ONPG
(O-nitrophenyl-B-o-galactopyranoside) per min at 37°C and
pH 7.0. Cells with two plasmids carried pUC19 and
pACYC184 and cells with three plasmids carried pUC19,
pACYC184, and pRK248. Other experimental conditions
as mentioned in Table 2. Data partially extracted from Diaz

"Ricci et al. (1995).

a The strain JM109 has the chromosomal B-galactosidase gene
inactivated (Yanisch-Perron et al., 1985).

approximately the same size but different copy
number, Ryan et al. (1989) used a set of plasmids
of different sizes. They reported that although
the maximum specific growth rate declined for
larger plasmid sizes (as expected), the activity
of B-lactamase displayed a maximum value when
HB101 harbored plasmids with sizes ranging
from 2.7-8 kb (Ryan et al., 1989). They also
showed that the activity of B-lactamase was higher
at intermediate air flow rates, which means that
the efficiency of oxygen consumption and pro-
tein synthesis is higher when HB101 harbors a
plasmid of intermediate size (e.g., 5.3 kb). Ac-
cording to our hypothesis, whereas the effect of
smaller plasmids on cellular metabolism is neg-
ligible, the effect of larger plasmids is so strong
that it becomes deleterious to the host physiol-
ogy. However, for intermediate plasmid size, the
metabolism experiences a moderate enhancement
that can be detected through the evaluation of
the oxygen consumption efficiency and protein
synthesis. These results suggest that the effect
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of a plasmid on host metabolism depends on
the plasmid-DNA content (e.g., by copy num-
ber or plasmid size), and it can be observed only
at intermediate ranges. The latter was clearly
demonstrated by Khosravi et al. (1990) in ex-
periments with strains of E. coli carrying no
plasmid or two plasmids with different sizes.
They showed that the oxygen uptake rate of strain
JM103 harboring plasmids of 8.7 and 2.7 kb
size was 18.5 and 7.5 times higher than plasmid-
free JM103, respectively, although the growth
rate of strains decreased with increasing plas-
mid sizes (Khosravi et al.,1990). Measurements
of oxygen consumption rate during glucose and
glycerol respiration were carried out in our labo-
ratory and confirmed these observations (unpub-
lished results). Figure 8 shows the oxygen con-
sumption rates determined in three strains of
E. coli carrying zero, one, two, or three plas-
mids. From Figure 8 we can see that the influ-
ence of plasmids on the host metabolism de-
pends on the genetic background of the host,
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FIGURE 8. Respiration rate of strains HB101, DH1, and
JM109 grown in a rich medium (LB) supplemented with glu-
cose (a) or glyceral (b). Cell suspensions were harvested
at early mid-log phase (ODgy = 0.5), washed and resus-
pended in phosphate buffer (50 mM, pH 7.0). Experiments
started the addition of a conveniently diluted cell suspen-
sion to an air-saturated phosphate buffer supplemented
10 g/l of glucose (a) or 20 g/l of glycerol (b). Dissolved
oxygen was measured with a Gilson Oxymeter (2-ml cham-
ber). One unit of oxygen consumption rate corresponds to
1 umol of oxygen per min at 30°C. Each value comes from
five individual experiments and the average standard de-
viation was 0.3. The rest of experimental conditions as
described in Table 2.

strain HB101 being more sensitive to the pres- increases in strains carrying plasmids during
ence of plasmids than strains DH1 or JIM109. the catabolism of glucose (Figure 8a) and glyc-
Furthermore, the fact that oxygen uptake rate erol (Figure 8b) indirectly supports the hypoth-
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esis that the PTS is involved in this phenom-
enon (Novotny et al., 1985; Saier et al., 1996;
Charpentier et al., 1998).

Peretti et al. (1989) and Wood and Peretti
(1990) conducted experiments to elucidate the
effect of plasmid maintenance and cloned gene
expression on host RNA and protein metabo-
lism. They showed that the level of expression
of the B-lactamase gene carried by similar plas-
mids replicating with different copy numbers
in HB101 exhibited a maximum value for the
plasmid replicating at a ratio of 60 copies per
genome (Peretti et al., 1989). The “derepression”
phenomenon observed was attributed to three
factors: (1) an increase in the synthesis of total
RINA polymerase, (2) an increase of the fraction
of active RNA polymerase directly involved in
transcription, and (3) an increase of the novo
synthesis of ribosomes that would enhance the
mRNA translation efficiency (Peretti et al., 1989).
However, further studies showed that the host
induced the accumulation of total RNA, rRNA,
and proteins by the sole presence of a plasmid
(Wood and Peretti, 1991). Byme (1990) also re-
ported an enhanced biosynthetic capacity of a
strains Bacillus subtilis (BD170) when carrying
plasmid pE194-COP6. He observed in continu-
ous culture experiments, a significant increase
of the total RNA when strain BD170 carried a
plasmid (McLoughlin, 1994).

Birnbaum and Bailey (1991) also reported
that the mere presence of plasmids in E. coli
HB101 induced an increase in the amount of
several enzymes related to the tricarboxylic ac-
ids cycle, ribosome structure (e.g., S5, S6a, S6b,
L3, L7/12), protein biosynthesis factors (e.g.,
elongation factor G), heat shock proteins, and
total protein in general. They showed that this
phenomenon was more severe with intermedi-
ate copy number plasmids (e.g., 56 copies per
genome), and with lower or higher copy num-
ber plasmids the protein pattern changed. They
demonstrated that the plasmid burden influenced
the expression of protein involved in different
cellular mechanisms differentially (Bimbaum and
Bailey, 1991). Moreover, they reported that among
the proteins induced by the presence of plasmids,
the enzymes PEP carboxylase and succinate de-
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hydrogenase showed a significant increase at
higher plasmid copy number, and, interestingly,
the pck and sdh genes encoding for those en-
zymes, respectively, are regulated by the cAMP-
CRP system (Botsford and Harman, 1992). In
our laboratory we have also confirmed the ef-
fect of plasmid maintenance on cellular protein
contain. We observed that the values of the
B-galactosidase activity in E. coli HB101 were
strongly dependent on how the activity was
expressed. The activity of B-galactosidase was
different when evaluated per unit of optical
density (600 nm) or milligram of protein (un-
published results). In Figure 9a we show that
with the exception of HB101 carrying plasmid
pRK248, the rest of the strains displayed higher
B-galactosidase activity when expressed per unit
of ODy, than per mg of protein. This observa-
tion suggested that the presence of plasmids
induced an augmentation of the total protein con-
tent of strains that carried one or more plasmids.
In Figure 9b we present results of the ratio mil-
ligram of total protein/unit of optical density
(at 600 nm) obtained for different strains carry-
ing different plasmids. In this figure we can see
that the effect is more severe in strains carrying
two and three plasmids and strain HB1OI 1s
more sensitive to the plasmid effect than DH1
and JM109.

If plasmids induce the enhanced expres-
sion of genes positively regulated by the cAMP-
CRP system, and particularly those related to
the glucose uptake, we may hypothesize that
any anabolic pathway that could take advan-
tage of that extra carbon and energy source would
redirect the carbon flux toward synthesis instead
of to the formation of inhibitory byproducts.
The latter seems to happen when alcohol dehy-
drogenase (adh) and pyruvate decarboxylase
(pdc) genes from Zymomonas mobilis were ex-
pressed in E. coli (Ingram et al., 1987; Ingram
and Conway, 1988; Diaz Ricci et al., 1992). It
was reported that the expression of adh and pdc
genes from Z. mobilis into the E. coli strain
HB101 induce a metabolic enhancement effect.
The growth was significantly improved and the
synthesis of byproducts (i.e., lactic acid, acetic
acid, glycerol, etc.) was redirected toward etha-
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FIGURE 9. (a) B-galactosidades activity of the strain HB101 of
E. colicarrying no plasmid, one, two (pMEQ1, pACYC184), or three
(pPMEO1, pACYC184, pRK248) plasmids, expressed per milligram
of protein and per unit of optical density (600 nm). One unit of
B-galactosidase hydrolyses 1 umol of ONPG (O-nitrophenyl-B-o-
galactopyranoside) per minute of 37°C (b) Ratio between milli-
grams of protein and unit of optical density (600 nm) of strains
HB101, DH1, and JM1Q9 of E. coli Each value comes from five
individual experiments, and the average standard deviations were
0.5. Experimental procedures as described in Table 3.

nol production. An explanation of this extraordi- could be explain by the shift of fermentative
nary physiological behavior is not easy to find. metabolism that allowed cells to accumulate
Initially, it was proposed that the phenomenon ethanol instead of acids, thus avoiding the drop
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of intracellular pH, but experimental evidence
ruled out the intracellular pH hypothesis (Diaz
Ricci et al., 1991a, 1992). Instead, it was sug-
gested that the effect was due to a metabolic
enhancement induced by the expression of the
pet operon (Diaz Ricci et al., 1992) that yielded
the shift of the metabolic flux toward the syn-
thesis of ethanol and CO, formation. Nonethe-
less, mass balances showed that the formation
of ethanol and CO, were not exclusively at the
expense of the other byproducts but from the in-
crease of the glucose input. Surprisingly, that in-
crease of the glucose uptake rate was not only
observed in those strains expressing the pet op-
eron or the pdc gene, but in strains carrying any
plasmid, including the control plasmid used, for
example, pUC19 (Diaz Ricci et al., 1991a; Diaz
Ricci et al., 1992). The latter indicated that two
effects were taking place in these experiments.
One was the effect induced by the plasmid main-
tenance (e.g., increase of the glucose uptake rate
and metabolic burden by “carbon overflow”),
and the other was the effect exerted by the ac-
tivity of the adh and pdc products (e.g., redi-
rection of the carbon overflow). They showed
that whereas strains carrying the control plas-
mid pUCI19 and the plasmid pLOI284 express-
ing adh alone did not allow the host to get rid
of the “carbon overflow”, strains carrying plas-
mids that expressed the pet operon (pLOI295,
pLOI304) or the pdc gene (pLOI276) could do
that job successfully and by using a mechanism
that avoids the harmful accumulation of inhibi-
tory byproducts (Diaz Ricci et al., 1992). The
contribution of the expression of the pet operon
alone, without the influence of any plasmid, on
the growth enhancement effect and the impor-
tance of the metabolic pathway used to release
the “carbon overflow” was demonstrated by Ohta
et al. (1991) when using E. coli strains that had
the pet operon integrated into the host chromo-
some. They showed that the effect of growth
enhancement was still observable with strains
expressing the pet operon from the chromosome
(Ohta et al., 1991). Also, from their results we
concluded that the influence of the pet operon
on the biomass yield is dependent on the genetic
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background of the strains used (Ohtaetal., 1991;
Diaz Ricci et al., 1992; Hespell et al., 1996;
Lawford and Rousseau, 1996).

All these results together suggest that if we
provide E. coli with a suitable mechanism to
take over the carbon overflow induced by plas-
mid maintenance, it would be possible to improve
growth rates and yields of plasmid-containing
cell cultures, ergo we would endow plasmid-
carrying cells with the chance to overgrow plas-
mid-free cells.

Khosla and Bailey (1988) have shown that
when the Vitreoscilla (vhb) hemoglobin gene
was expressed in E£. coli JM 101, the bacterium
exhibited a significant improvement in cell growth
under microaerophilic conditions compared with
the same strain carrying the control plasmid pUCS.
Following the same reasoning, and although they
attributed this phenomenon exclusively to the
activity of the Vitreoscilla hemoglobin, we could
speculate that what the product of the gene vhb
does is to redirect the carbon overflow induced
by the multicopy plasmid pUC9 toward the
complete catabolism of glucose to CO, via res-
piration. That would avoid the accumulation of
inhibitory byproducts (Khosla and Bailey, 1988;
Khosla et al., 1990) as it was suggested by Diaz
Ricci et al. (1992) by taking advantage of the
respiration efficiency enhancement induced by
the expression of the Vitreoscilla hemoglobin
(Khosla et al., 1990, 1991; Kallio et al, 1996)
and also by the pUC9, as it was reported by
Ryan et al. (1989) and Khosravi et al. (1990)
for other plasmids. Interestingly, they also re-
ported that the recombinant cells expressing
the vab gene displayed a protein synthesis en-
hancement (Kohsla et al., 1990). Although they
attributed this biosynthetic enhancement ex-
clusively to the activity of the Vitreoscilla hemo-
globin, the question that arises is whether the
effect they observed also comes from the plas-
mid effect on the regulatory system cAMP-CRP.
Unfortunately, they did not show the cytochrome
content of extracts coming from cells harbor-
ing the recombinant plasmid, carrying only the
expression vector (pUC9) and plasmid-free cells.
It has been reported that the expression of endog-
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enous haem groups of E. coli may be controlled
by oxygen and the cAMP-CRP system (Cox and
Charles, 1973; Borman and Dobrogosz, 1974;
Beale, 1996). If plasmid maintenance affects
glucose uptake rate and the regulatory status of
hosts, we should therefore expect to also see
perturbations of the expression level of their
own haem prosthetic groups in cells carrying
only plasmid pUCS. The latter was suggested
by Ryan et al. (1989) (see above), and clearly
demonstrated by Khosravi et al. (1990) when
they showed that the amount of cytochromes b,
0, and d present in the JM103 strain increased
when carrying plasmids of different sizes.
With the examples analyzed above, we feel
stimulated to seriously consider the new hypoth-
eses of plasmid effect on host metabolism as a
suitable alternative approach to interpret the phe-
nomenon of plasmid-host interaction, because
it proved to be sufficiently robust to explain all
of the cases discussed in this review.
Nevertheless, we must keep in mind that
even when experimental results indicate that this
mechanism may actually take place, the real inter-
action between plasmids and hosts remains un-
known. From a biochemical point of view, it is
not clear how the mechanism of replication of
plasmids such as pBR322, pACYC184, pUCI9,
or any other can interact with such a complex
regulon that involves the phosphotransferase
and the adenylate cyclase systems without any
apparent connection between them. The only
precedents that we found in the literature that
could shed some light on this phenomenon
comes from Clewell and Helinski (1972) and
Katz et al. (1973). They showed that the addi-
tion of cAMP to cells growing in glucose me-
dium stimulated the rate of synthesis of the pro-
teins involved in the relaxation complex and
the replication rate of the plasmid ColEl and
ColE2 (Katz et al., 1973). Perhaps the answer
should include a consideration of the interaction
of plasmids with the cellular membrane, because
that is the place where the chromosome and
some plasmids anchor at the time of segrega-
tion (Norris, 1995; Firshein and Kim, 1997),
where the active adenylate cyclase (Groelz and

Cronan, 1982; Aiba et al., 1984) and the per-
mease of the PTS can be found (Postma et al.,
1996; Notley-McRobb et al., 1997), and redox
processes modifying the transmembrane po-
tential take place (Reider et al., 1979; Konings
and Robillard, 1982; Epstein, 1983; Seo and
Bailey, 1985; Axe and Bailey, 1987).

IV. ANOTHER PUZZLING EXAMPLE

Refutationists would say that it is enough for
a single example contradicting a hypothesis to
refute it, and that is so, because the hypothesis
was proven to be false and should be changed.
Consequently, any hypothesis about plasmid-host
interaction—asserting that plasmids would always
negatively affect the growth of the host under
laboratory conditions—would be susceptible to
refutation if we can find a single example contra-
dicting it. Curiously, it is possible to show that
under certain conditions cells harboring a plas-
mid expressing only their own genes can grow
much better than plasmid-free cells. Rhee et al.
(1994) reported that E. coli IM109 harboring any
plasmid can sustain active growth in a minimal
media, whereas the same strain without plasmid
cannot. They showed that this phenomenon was
independent of the plasmid used, but seemed to
depend on the bacterial strain. They also showed
that this unusual and novel behavior was only
observed when cells were cultivated in a poor
medium (e.g., supplemented M9) in which the
metabolic capacity of the microorganism is tested
at its maximum. These authors reported that even
under very demanding biosynthetic conditions,
strain JM109 was able to grow acceptably well,
showing active anabolic and respiratory metabo-
lism only when harboring a plasmid (Rhee et al.,
1994). In our laboratory we have confirmed those
results using different cultural conditions and other
plasmids; results are shown in Figure 10. By
looking at that figure we may ask ourselves: What
do plasmids provide the host that allow it to
enhance metabolic activity? What is the mecha-
nism underlying this plasmid-induced metabolic
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FIGURE 10. Effect of plasmid maintenance on the growth (solid) and glu-
cose consumption (open) of the strain JM109 carrying no plasmid (square),
one (pMEQ1, circle), two (pMEO1 and pACYC184, diamond), or three plas-
mids (pPMEO1, pACYC184, and pRK248, triangle). Experimental conditions as
described in Figure 5 except that the minimal medium M9 supplemented with
glucose (10 g/l), thiamine (30 ug/ml), and antibiotics (as required) was used

in experiments (Rhee et al., 1994).

enhancement? Until we could come up with any
reasonable answer to these questions, experimen-
tal evidence suggests that plasmid should no longer
be considered an intracellular parasite that would
always have negative effects on host growth or
metabolism.

Whether the phenomenon of plasmid-induced
metabolic enhancement observed with strain
JM109 is a consequence of the same mechanism
discussed above is still a matter of speculation.
However, if the hypothesis that plasmids affect
the regulatory status of the host through the cAMP-
CRP system proves to be consistent, it would
be much easier to explain possible alterations
of carbon uptake metabolism as well as the role
of other proteins involved in carbon catabolism
and protein synthesis, as was suggested by Rhee
et al. (1994) and reported by Bimbaum and
Bailey (1991) and Wood and Peretti (1991).
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V. BIOTECHNOLOGICAL
PROSPECTIVE

A major effort in biotechnology is devoted
to developing expression systems that allow
the maximum expression of recombinant genes
and the optimal recovery of the protein of inter-
est, or in other cases the controlled expression
of the genes under study. Hence, it is extremely
important to keep in mind which is the goal pur-
sued with the expression of recombinant genes
because the technological approach can differ
significantly. If we need to express the gene of
interest at a low level and under strictly con-
trolled conditions, it would most likely require
the immobilization of the gene into the host
chromosome. Instead, if the idea is to obtain a
large amount of a particular protein, it would
demand the use of a multicopy expression vec-
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tor. Whereas with the former approach the prob-
lem of plasmid stability is meaningless, in the
latter case that problem becomes extremely se-
rious. If the concemn is the overproduction of a
protein, it is thus essential to understand and try
to control three important biotechnological vari-
ables: (1) mechanisms of plasmid loss, (2) con-
sequences of plasmid maintenance on host me-
tabolism, and (3) potential effects of the gene
overexpression on host functions. For the first
biotechnological variable it would be highly de-
sirable to maximize plasmid stability by mini-
mizing plasmid impaired segregation-partition
process during cell division. The latter can only
be achieved by selecting the appropriate com-
bination of plasmid-host-cultural conditions in
order to provide plasmid-bearing cells a continu-
ous positive selection pressure against plasmid-
free cells (Godwin and Slater, 1979; Jones et
al., 1980; Meacock and Cohen, 1980; Noak et
al., 1981; Tucker et al., 1981; Ray and Shurray,
1984; Austin, 1988; Warnes and Stephenson,
1986; Bentley and Kompala, 1989; Bentley and
Kompala, 1990; Brownlie et al., 1990; Mosrati
et al., 1993; Rothen et al., 1998; Smith and
Bidochka, 1998). That selection pressure could
be exerted by the addition of an external com-
pound (i.e., antibiotic, amino acids, vitamins) or
by using any particular metabolic feature in-
duced by the plasmid on host metabolism. The
latter alternative is directly related to the second
technological variable mentioned above. An in-
novative proposal therefore would consist of
designing a plasmid that could take advantage
of the unavoidable alterations induced on the
host physiology (e.g., a faster glucose metabo-
lism, higher respiratory efficiency, or improve-
ment of protein synthesis), to redirect the carbon
flux toward the formation of nontoxic byprod-
ucts such as carbon dioxide, ethanol, or active
proteins (i.e., hemoglobins) that could contrib-
ute to release of the metabolic burden. A plas-
mid like that could be maintained in a host as
a stable genetic element without the necessity
of adding any external compound to maintain
selection pressure (Khosla et al., 1990; Ohta et
al., 1991; Diaz Ricci et al., 1992; Hespell et al.,
1996; Lawford and Rouseau, 1996).

Finally, the third variable to take into ac-
count concerns the particular gene we would
like to express. As mentioned earlier, gene prod-
ucts can be active within the host or not, and in
the former case it could interact with the host
metabolism or not. In any case, the host bio-
synthetic capacity, protein processing, folding,
and secretion rates should be considered care-
fully in order to avoid deleterious effects on the
host metabolism, the formation of inclusion
bodies, or other serious problems during gene
expression (Bailey et al., 1986, Bailey, 1993;
McLoughlin, 1994; Glick, 1995).

The hypothesis presented in this article may
have important biotechnological implications.
As the phenomenon is based on the modulation
of the regulatory system cAMP-CRP, it can ex-
hibit alterations at different levels of the regula-
tion of cellular metabolism, which potentially
could be manipulated, including the enhance-
ment of glucose uptake, respiration, and protein
synthesis rates. However, more than one effect
may impact on cell metabolism, and they could
yield antagonistic effects. For instance, whereas
protein synthesis enhancement can be viewed
as a positive influence of plasmids on host me-
tabolism, this effect may be totally masked by
the high accumulation of acids provoked by the
glucose uptake enhancement, also induced by
plasmids.

Attempts to redirect the metabolic flux with
the aim of helping E. coli to overcome the car-
bon overflow has been done and results proved
that it is possible to improve the growth rate of
plasmid-bearing cells (Khosla and Bailey, 1988;
Diaz Ricci et al., 1991b; Diaz Ricct et al,,
1992). An interesting example was proposed by
Hespell et al. (1996). They showed that plas-
mids pLOI295 and pLOI297 expressing the pet
operon (Ingram et al., 1987) could be stabilized
when maintained in a /dh (lactate dehydroge-
nase) and pfI (pyruvate formate lyase) mutant of
E. coli, that is, strain FMJ39, which is unable to
regenerate NAD* under anaerobic conditions.
They have demonstrated that by selecting the
appropriate set of plasmid, host, and culture con-
ditions, they could maintain plasmids pLOI295
and pLOI297 for more than 50 generations in
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batch and continuous cultures in the absence of
selection pressure (e.g., tetracycline) without the
apparent loss of plasmid-encoded antibiotic re-
sistance and ethanologenic properties (Hespell
et al., 1996). Likewise, Lawford and Rouseau
(1996) reported interesting advances in this di-
rection when using the pet operon. Although they
did not observe a growth enhancement induced
by the pet operon in E. coli strain ATCC11303
when growing in a glucose-supplemented rich
medium at pH 7.0, the growth effect was clear
in glucose and xylose-supplemented rich me-
dium at pH 6.3.

VI. CONCLUDING REMARKS

Although the real mechanism underlying the
phenomenon of glucose uptake enhancement
induced in hosts by plasmids is still unknown,
experimental evidence shows that it yields the
rapid accumulation of inhibitory intermediate
metabolites and byproducts. We speculate that
if the host or the plasmid provides a suitable
alternative to overcome such metabolic stress,
then the host would acquire a clear physiologi-
cal advantage (Khosla et al., 1990; Ohta et al.,
1991; Diaz Ricci et al.,1992; Hespell et al.,
1996). This mechanism would provide further
support for explaining the great stability ob-
served in cryptic plasmids that confer no ap-
parent phenotypic marker to the host (Macrina
et al., 1978) and might explain the effect of
overgrowth of plasmid-free hosts over the plas-
mid-containing strains under nonselective pres-
sure. Hence, it is very important to characterize
the changes induced by plasmids in the host of
choice before analyzing the effect of the expres-
sion of recombinant genes. The impact of gene
overexpression on the cellular metabolism will
always masks subtler physiological changes
induced by the vector, and these smaller changes
can make the difference between success or fail-
ure in a biotechnological process.

Another interesting observation is that as a
consequence of a change of the genetic back-
ground E. coli is able to catabolize glucose faster
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under identical cultural conditions. This sug-
gests that as a consequence of the plasmid-host
interaction the enzymes involved in this meta-
bolic pathway would be activated, derepressed,
or would attain different steady state levels.
The idea of a multiplicity of physiological states
is not a totally new concept in E. coli. Even
though it has not been confirmed experimen-
tally, multiple steady states were proposed for
the regulatory state of bacteriophage A and the
lac operon (Chung and Stephanopoulos, 1996).
Interesting research fields to explore new modes
of regulation and the impact of maintenance of
extra DNA on a particular genetic background
open in this direction and would help to explain
and predict plasmid-host interactions (Neidhardt
and Savageau, 1996).
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