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combinant DNA research is discussed. 

At the very best, physical containment 
will retard the rate at which the bacteria, 
phage, and plasmids used in recombinant 
DNA research enter the environment. 
Some, and potentially great numbers, of 
these cloning vectors will escape. How- 
ever, escape from containment does not 
necessarily imply that these renegade or- 
ganisms and plasmids or their chimeric 
DNA will become established in natural 
populations of bacteria, or that carriers 
of this synthetic genetic material will 
achieve and maintain sufficient densities 
to represent a threat to existing commu- 
nities. This contamination of natural 
populations of bacteria with chimeric 
DNA ultimately depends on the popu- 
lation biology of the cloning vectors. In 
recognition of the need for biological 
containment, "disarmed" strains of bac- 
teria with low fitness have been devel- 
oped, and phage and plasmids with limit- 
ed infectious capabilities have been iden- 
tified for use in recombinant DNA 
research (1). Although there is no ques- 
tion that employing the recommended 
cloning vectors offers a much lower like- 
lihood of contaminating natural popu- 
lations with chimeric DNA than that as- 
sociated with the use of normal laborato- 
ry strains, just what this contamination 
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probability is remains uncertain. We be- 
lieve that there are two difficulties with 
the estimates of it that have been offered 
(1, 2): (i) failure of the estimation proce- 
dure to consider the population dynam- 
ics of the contamination process and (ii) 
inability to obtain accurate estimates of 
some of the parameters necessary to 
compute the contamination probability. 

In this report we present a stochastic 
model of the establishment of a plasmid 
carried by a disarmed host into a natural 
population of bacteria. We do consider 
the population dynamics of the con- 
tamination process and, we believe, rea- 
sonably accurate estimates of all the pa- 
rameters of this model could be ob- 
tained. Although we restrict this formal 
consideration to conjugative factors, the 
theory is appropriate to certain situa- 
tions where nonconjugative plasmids can 
be mobilized (3). We present formulas 
for the probability of establishment of a 
chimeric plasmid and illustrate their use 
with a series of realistic numerical exam- 
ples. 

In this treatment we define establish- 
ment as the indefinite persistence of the 
chimeric plasmid in a natural population 
of bacteria. That is, bacteria carrying 
that plasmid will continue to exist and in- 
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crease in numbers after all of the origi- 
nal, disarmed, hosts are eliminated. 
What densities "wild" bacteria carrying 
that plasmid will maintain and whether 
these factors will persist if the plasmid 
reduces the fitness of its host cell have 
been considered elsewhere (4). 

Consider the release of mo disarmed, 
plasmid-bearing bacteria into a natural 
population containing r (bacteria per mil- 
liliter) potential hosts of that plasmid. 
The original hosts are incapable of 
growth in the natural habitat and, in the 
course of time, die or effectively die by 
losing the plasmid (segregation) or the 
capacity to transmit it. Let the probabili- 
ty of any particular disarmed plasmid- 
carrying bacterium dying or becoming 
infertile during the short period 8t be d8t. 
We assume that all the wild bacteria 
have the same rates of cell division and 
cell mortality and that these rates are not 
influenced by carrying the chimeric plas- 
mid. Let the probabilities of a particular 
wild bacterium dividing or dying during 
the period 8t be b8t and e8t, respective- 
ly. We further assume that transmission 
of the plasmid by conjugation occurs at 
random at a frequency that is proportion- 
al to the concentration of potential recip- 
ients. We let the probability that a single 
disarmed host will transmit the plasmid 
during time 8t be g8t = ydrSt, where yd 

(milliliters per cell per hour) is the con- 
jugational transfer rate constant (4). The 
analogous transmission probability for a 
single wild bacterium carrying that factor 
is h8t = ynrSt. 

With the above definitions and as- 
sumptions, the establishment of the plas- 
mid can be regarded as a population 
process (5) to be analyzed by means of 
generating functions. Using this ap- 
proach, and after some relatively 
straightforward, albeit cumbersome, cal- 
culations, we concluded that the proba- 
bility that the plasmid will be lost after 
the escape of a single, disarmed plasmid- 
bearing cell is 
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d(b + h) 
loss d(b + h) + g(b + h - e) 
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loss d(b + h) + g(b + h - e) (1) (1) 

and hence the probability that the plas- 
mid will become established is 

Pest = 1- Ploss = 
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g(b + h - e) 
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The calculations that formally prove 
these results can be obtained from (6). In 
this report we restrict the justification of 
this probability estimator to an intuitive 
argument. 

With biologically realistic values of the 
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parameters, the establishment probabili- 
ty is small and Eq. 2 can be very closely 
approximated by 

g b?h-e 
estt d b + h (3) 

In this form, the formula more closely 
approximates one's biological intuition. 
The first factor, gld, is the probability 
that a copy of the plasmid will be trans- 
mitted from the original, disarmed host 
to a wild cell before the original host dies 
or becomes infertile. The second factor, 
(b + h - e)/(b + h), is the conditional 
probability that the wild bearer of this 
single copy will leave copies of the plas- 
mid in all subsequent generations, given 
that the copy was transmitted to some 
wild bacterium. The quotient 1/d is the 
average persistence time of the disarmed 
host, so gld is the expected number of 
copies of that plasmid that will be trans- 
mitted by the disarmed host before it 
dies or becomes infertile. However, it is 
most unlikely that it will transmit more 
than one copy during this period. Con- 
sequently, this average number of trans- 
mitted copies is very nearly the probabil- 
ity that it will transmit one copy. The 
second factor, (b + h - e)/(b + h), is 
analogous to the probability that a family 
name will survive indefinitely in Galton's 
classical problem (7). In this situation the 
plasmid is the analog of the family name. 
When a change in the number of plasmid 
copies occurs, it occurs either because 
one copy has doubled (by cell division or 
conjugational transmission) or because 
the plasmid is lost (due to its host's death 
or infertility), the probability of dou- 
bling being B = (b + h)/(b + h + e) 
and the probability of loss being D = e/ 
(b + h + e). The probability that the 
plasmid will be established, given that a 
wild bacterium has acquired it, is then 

B-D b+h-e 
B b+h 

If, instead of a single disarmed, plas- 
mid-bearing bacterium, a number mo es- 
caped, establishment of the plasmid 
would be a consequence of mo stochasti- 
cally independent trials. The probability 
of establishment is then 

Pestimo = 1- (Ploss)m 

= 1 -(1 - 1 - Pet)m 

which, for the anticipated small values of 
Pest, is 

Pestlmo - 1 - exp(-moPest) (4) 

For very low values of Pest 

Pest mo 
= 

moPest 
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Table 1. Probability that chimeric plasmids will be established in natural populations of bacteria 
following the release of different numbers of disarmed carriers. The parameters are g, the 
product of the concentration of potential recipients, r, and the transfer rate constant of the 
plasmid in a disarmed host, yd; h, the product ofr and the transfer rate constant of the plasmid in a 
wild host, y,; d, the death rate of disarmed cells; b, the probability of a wild bacterium dividing; 
and e, the probability of a wild bacterium dying. The choice of these parameter values is justified 
in the text. The probability of establishment is computed for single cells (mo = 1) from Eq. 2 and 
extended for the release of multiple cells (mo > 1) with Eq. 4. 

Parameter values Probability of establishment 

g,h d b,e m0 = 1 m0 = 102 m0 = 10s mO= 108 

5 x 10-2 0.58 0.20 1.7 x 10-2 8.2 x 10-1 1.0* 1.0* 
0.02 5.8 x 10-z 1.0* 1.0* 1.0* 

2.30 0.20 4.3 x 10-3 3.5 x 10-1 1.0* 1.0* 
0.02 1.5 x 10-3 8.6 x 10-1 1.0* 1.0* 

5 x 10-4 0.58 0.20 2.1 x 10-6 2.1 x 10-4 7.0 x 10-1 1.0* 
0.02 2.1 x 10-5 2.1 x 10-3 8.7 x 10-1 1.0* 

2.30 0.20 5.4 x 10-7 5.4 x 10-5 5.3 x 10-2 1.0* 
0.02 5.3 x 10-6 5.3 x 10-4 4.1 x 10-1 1.0* 

5 x 10-5 0.58 0.20 2.2 x 10-8 2.2 x 10-6 2.1 x 10-3 8.8 x 10-1 
0.02 2.2 x 10-7 2.2 x 10-5 2.1 x 10-2 1.0* 

2.30 0.20 5.4 x 10-9 5.4 x 10-7 9.4 x 10-4 4.2 x 10-1 
0.02 5.4 x 10-8 5.4 x 10-6 5.4 x 10-3 9.9 x 10-1 

5 x 10-7 0.58 0.20 2.2 x 10-12 2.2 x 10-10 2.2 x 10-7 2.2 x 10-4 
0.02 2.2 x 10-11 2.2 x 10-9 2.2 x 10-6 2.2 x 10-3 

2.30 0.20 5.4 x 10-13 5.4 x 10-11 5.4 x 10-8 5.4 x 10-5 
0.02 5.4 x 10-12 5.4 x 10-10 5.4 x 10-7 5.4 x 10-4 

*The probability of this event exceeds .995. 

The numerical values used to generate 
the examples presented in Table 1 were 
chosen to illustrate the relative contribu- 
tions of the different parameters to the 
establishment probability. However, 
these sample parameter values are with- 
in a realistic range for natural popu- 
lations of enteric bacteria and some of 
their conjugative plasmids. In these ex- 
amples, the conjugational transfer rate 
constants of the plasmid in the disarmed 
host and in the wild host are equal, 
Yd = Yn = y. The two values of y used, 
5 x 10-10 and 5 x 10-13 ml per cell per 
hour, are, respectively, the value we es- 
timated for an F-lac+pro+ plasmid in an 
Escherichia coli K12 host growing expo- 
nentially in glucose-limited minimal me- 
dium at 37?C, and the value for these 
bacteria at equilibrium in chemostats at a 
dilution rate of 0.2 hour-1 with that medi- 
um and at that temperature. We used 
two values for the concentration of po- 
tential recipients r = 106 and r = 108 
cell/ml. The first is the density consid- 
ered by Curtiss and co-workers (1, 2) in 
their estimates of the contamination 
probability. However, we believe that 
the higher value, r = 108, is realistic for 
some natural populations of enteric bac- 
teria. The two mortality probabilities for 
disarmed bacteria that we used, d = 0.58 
and d = 2.30 hour-', are those estimated 
by Curtiss and his colleagues (8) for EK2 
(strain X1776) in minimal medium and in 
broth without the specific EK2 supple- 
ments, respectively. In these examples 
we consider the natural population to be 

at a steady state so that the probability of 
a wild bacterium dividing is equal to the 
probability of a wild cell dying, b = e. 
The two values of these parameters 
used, 0.20 and 0.02 hour-', specify 
steady-state generation times of 5 and 50 
hours, respectively. 

In interpreting the estimates presented 
in Table 1, it is necessary to consider 
that the probabilities of establishment 
given are those for single escape events. 
The inadvertent release of bacteria car- 
rying chimeric plasmids is, however, an 
event that can be anticipated to occur 
many times and from many different lab- 
oratories doing recombinant DNA re- 
search. Nevertheless, even for single es- 
cape events, the establishment probabili- 
ties for the conjugative plasmids 
considered in the numerical examples 
above are extremely high. These results 
unquestionably support the existing ban 
on using conjugative plasmids as cloning 
vectors. These theoretical consider- 
ations also illustrate the utility of efforts 
at biological containment. In the range of 
parameter values we anticipate for most 
recombinant DNA research, the proba- 
bility of establishment of the chimeric 
plasmid is directly proportional to the 
fertility of the host-plasmid combination, 
as measured by the transfer rate con- 
stant, Yd, and inversely proportional to 
the death rate of the host cell, d. An or- 
der of magnitude decrease in this fertility 
or an order of magnitude increase in the 
death rate of the disarmed host is reflect- 
ed by an order of magnitude decline in 

219 



the establishment probability. These re- 
sults also illustrate the value of com- 
bining biological containment with strict 
physical containment. In the anticipated 
parameter range, the establishment 
probability is directly proportional to the 
number of plasmid-carrying bacteria re- 
leased into the environment. 

Since the rate of transfer of non- 
conjugative plasmids is proportional to 
the density of bacteria carrying mobiliz- 
ing conjugative plasmids (1, 2), the mod- 
el used here is not appropriate as a gen- 
eral analog of this situation. However, 
this model and the probability estimators 
derived from its analysis do apply to two 
special cases of nonconjugative plas- 
mids. (i) In steady-state natural popu- 
lations it is reasonable to assume that the 
frequency of bacteria carrying poten- 
tially mobilizing plasmids would be rela- 
tively constant and, as a result, the aver- 
age transfer rate parameters, Yd and yn, 
would also be relatively constant. Al- 
though it is reasonable to assume that, in 
general, these "mobilization-transfer" 
rate parameters would be lower than the 
analogous parameters for conjugative 
plasmids, there is evidence that for some 
nonconjugative plasmids transfer by mo- 
bilization can occur at substantial rates 
(2). (ii) It is conceivable that chimeric 
DNA carried by a nonconjugative plas- 
mid will become incorporated into a con- 
jugative factor. After such an event, the 
probabilities that chimeric DNA will per- 
sist could well be as high as or even high- 
er than those presented in the numerical 
examples. At this juncture it is not at all 
clear just how great the probability is 
that DNA from a nonconjugative plas- 
mid will be permanently incorporated in- 
to a conjugative factor. It is, however, 
our contention that estimates of this 
probability are essential to a full evalua- 
tion of the dangers of recombinant DNA 
research. 
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Abstract. Recombinants were constructed between various Escherichia coli plas- 
mids and fragments of Drosophila melanogaster DNA. These recombinant plasmids 
are nonconjugative, but can be mobilized fiom one cell to another by conjugative sex 
factors. Of 47 recombinants studied, 46 were mobilized at approximately the same or 
slightly lowerfrequencies than the parental plasmids, whereas one was mobilized 1000 
times less efficiently. 
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Most of the plasmids used as molecu- 
lar cloning vehicles are nonconjugative; 
that is, they are not transferred from one 
cell to another under normal mating con- 
ditions. However, when a cell harboring 
a nonconjugative plasmid also carries 
a conjugative sex factor, the non- 

conjugative plasmid can be passively 
transferred to an appropriate recipient. 
This process, referred to as mobilization, 
is one possible route by which recombi- 
nant plasmids might be disseminated in 
animal and human populations (1). 

Does foreign DNA inserted into a plas- 
mid affect its mobilization? To approach 
this question, I determined mobilization 
frequencies for a series of recombinants 
between various Escherichia coli plas- 
mids and fragments of Drosophila mel- 

anogaster DNA. Of 47 recombinants 

studied, 46 were mobilized with approxi- 
mately the same or slightly lower effi- 
ciencies than the parental plasmids, 
whereas one was mobilized very poorly. 
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The low mobilizability of the latter re- 
combinant was shown to be due to some 
specific effect of the inserted D. melano- 

gaster DNA. 
The first determinations were made on 

recombinants between pSC101 (2), a tet- 
racycline resistance factor that replicates 
under stringent control, and Eco RI frag- 
ments of D. melanogaster DNA. Prelim- 

inary experiments showed that pSC101 
could be mobilized readily by the Salmo- 
nella sex factors Col lb and I. Table 1 
presents the results of triparental mat- 
ings in which the donor harbored pSC 101 
or a pSCO11/Eco RI-D. melanogasteri 
Eco RI recombinant, and the interme- 
diate carried Col lb or I. Of the five re- 
combinants studied, four were mobilized 
at about the same frequency as the pa- 
rental plasmid. However, one of the re- 
combinants, pDm2, was mobilized 500 to 
1000 times less efficiently by both sex 
factors. 
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Why is pDm2 mobilized so poorly? 

Table 1. Mobilization of pSC 101 and pSCO11/Eco RI-Drosophila melanogaster/Eco RI recombi- 
nants by Col Ib and I. Triparental matings were performed by the method of Anderson and Lewis 
(6), using E. coli C spCR as the final recipient. No transconjugants were observed in control 
matings in which one of the parents was omitted, or in which the donor carried no plasmid. Strain 
GM4 is E. coli HB101 rB- mB- pro- strR gal- lac- ara- arg- recA (7). The construction and 
characterization of the recombinant plasmids has been described (8). 

Length of Frequency of 
Donor D.melanogaster Intermediate mobilization 

DNA fragment (transconjugants 
(kilobase pairs) per donor) 

GM4(pSC101) 0 S. typhimurium (Col Ib) 3.0 x 10-4 
S.panama (I) 1.4 x 10-4 

GM4(pDml) 4.4,3.3 S. typhimurium (Col Ib) 1.2 x 10-4 
S.panama (I) 0.8 x 10-4 

GM4(pDm2) 3.1 S. typhimurium (Col Ib) 2.8 x 10-7 

S. panama (I) 3.1 x 10-7 

GM4(pDM3) 2.9 S. typhimurium (Col Ib) 1.8 x 10-4 
S. panama (I) 1.2 x 10-4 

GM4 (pDm4) 0.3 S. typhimurium (Col Ib) 2.7 x 10-4 
S.panama (I) 1.2 x 10-4 

GM4(pDm5) 1.5 S. typhimurium (Col Ib) 2.8 x 10 4 

S. panama (I) 0.9 x 10-" 
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