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THE EVOLUTION OF TRANSPOSABLE ELEMENTS: CONDITIONS FOR
ESTABLISHMENT IN BACTERIAL POPULATIONS

RicHARD CoNDIT!
Department of Zoology, University of Massachusetts, Amherst, MA 01003

Abstract. —Previous theoretical studies have shown that bacterial transposons can become estab-
lished in populations by infectious transfer, even if they reduce the fitness of their host cells.
Conditions for the persistence of ““parasitic’” transposons are, however, restrictive: i) transposition
must be replicative, rather than conservative; ii) the rate of transposition must be greater than the
loss in host fitness caused by the transposon; and iii) cells must exchange plasmids at rates greater
than the fitness cost of the transposon.

I sought to test the validity of the model underlying this theory by performing experiments with
laboratory populations of the bacterium Escherichia coli, the conjugative plasmid R100, and the
transposons Tn3 and Tn5. A plasmid-borne transposon was introduced at low frequency into a
population of bacteria carrying the same plasmid without the transposon in a habitat where the
transposon offered no benefit to its host. The fate of the invading transposon was followed by
tracking the various bacterial populations appearing in the cultures. Using independent estimates
of the parameters of the model, predicted population changes were generated with numerical
solutions of the model, and these were compared to experimental results.

Plasmids transferred into new hosts as predicted by the model, and the resulting transconjugant
populations either maintained a steady low density or rose slowly in abundance. Transposition
appeared to play no role in population changes. Abundance of all cell types fit theoretical predictions
of a system with no transposition, despite evidence that transposition was taking place. This is
exactly what the model predicted. It thus appears unlikely that deleterious or neutral transposons
have much impact on the genetics of bacterial populations. This is consistent with the hypothesis
that most bacterial transposons are not parasitic DNA, but rather invade and persist in populations
by providing a fitness advantage to cells carrying them.
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Transposable elements are segments of
DNA that are capable of moving from one
site to another in the genome of a single cell
(Kleckner, 1981; Iida et al., 1983; Shapiro,
1983). From the perspective of evolution-
ary biology, the issue of primary interest is
how transposons invade and persist in pop-
ulations. Are they maintained because they
enhance the fitness of their hosts, or are they
“selfish”” DNAs that reduce host fitness but
are maintained by infectious transfer (Orgel
and Crick, 1980; Doolittle and Sapienza,
1980; Campbell, 1981; Charlesworth, 1987)?
In bacteria, there is evidence supporting the
former view, since transposons can benefit
their host cells by carrying antibiotic-resis-
tance genes or other beneficial traits or by
causing mutations at other loci (Cohen,
1976; Kleckner, 1981; Biel and Hartl, 1983;
Hartl et al., 1983; Chao et al., 1983; Chao
and McBroom, 1985). On the other hand,
Sawyer et al. (1987) concluded that the dis-
tribution of transposable elements among
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strains of Escherichia coli is consistent with
their maintenance as selfish elements, and
there are many transposons for which no
beneficial effect has been demonstrated.
To evaluate the plausibility of the hy-
pothesis that bacterial transposons are para-
sitic DNA, Condit et al. (1988) examined
conditions for their maintenance by infec-
tious transfer in a population of bacteria and
conjugative plasmids. Plasmids are impor-
tant as vehicles of horizontal transfer, since
by themselves transposons are capable only
of intracellular movement (there are a few
exceptions; see Gawron-Burke and Clewell,
1982). The results of the analysis by Condit
et al. indicated that conservative transpo-
sons, which do not leave a copy behind when
moving between sites, cannot become es-
tablished in a population if they are neutral
or deleterious. On the other hand, replica-
tive transposons, which are copied during
transfer, can invade and persist as ‘“‘para-
sites.” However, conditions allowing in-
vasion are very restrictive: 1) a transposon
cannot diminish fitness by more than its
transposition rate, which is generally very
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low for bacterial transposons; 2) plasmids
which are capable of transmitting them-
selves between bacterial cells (conjugative
plasmids) must be present as vectors; and
3) the rate of plasmid exchange must exceed
the fitness cost of the transposon. (Other
vectors for horizontal transfer, such as bac-
teriophage, might replace plasmids but were
not considered by Condit et al. [1988].) We
interpreted such restrictive invasion con-
ditions as evidence against the generality of
the “selfish DNA” hypothesis.

While some may be willing to accept a
conclusion based on purely theoretical anal-
yses, others might question arguments lack-
ing empirical verification. Is the model re-
alistic? Was the range of parameter values
used in its analysis appropriate for real bac-
teria, transposons, and plasmids? In an ef-
fort to test the accuracy of the model and
the validity of its conclusions and to un-
cover ruses real transposons may employ to
ensure their maintenance, I examined con-
ditions for the invasion of transposons in
experimental populations of E. coli.

The experiments were designed to mimic
conditions described by the model of Con-
dit et al. (1988). A small inoculum of bac-
teria with a transposon-bearing, conjugative
plasmid was introduced into a culture dom-
inated by cells carrying the same plasmid
without the transposon. Culture conditions
did not provide any known selective ad-
vantage for the transposon. The bacteria,
plasmids, and transposon were genetically
marked so that it was possible to follow
changes in the frequencies of different cell
lines. Parameters of the model were inde-
pendently estimated, and observed popu-
lation dynamics were compared to numer-
ical solutions of the equations in Condit et
al. (1988). In analyzing these data, two ques-
tions were asked: 1) did simulations based
on independent parameter estimates match
the observed population dynamics? 2) how
large was the contribution of transposition
to the fate of the invading transposon, rel-
ative to the contributions of plasmid trans-
fer and selection?

MATERIALS AND METHODS
Media, Strains, and Plasmids. —Either
minimal liquid medium (7 mg ml™!
K,HPO,, 2 mg ml~! KH,PO,, 1 mg ml!
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(NH,),SO,, 0.5 mg ml~! Na citrate, 0.1 mg
ml~! MgSO,, 2 ug ml~! vitamin B1, and 0.6
mg ml~! glucose) or Luria Broth (Miller,
1972) was used in all experiments. Plating
was done on agar medium (16 mg ml~! agar
and 0.05 mg ml™! antifoam B) mixed with
minimal lactose medium (4 mg ml~! lactose
substituted for glucose) or broth (10 mg ml~!
tryptone, 1 mg ml~! yeast extract, and 5 mg
ml~! NaCl). Antibiotic concentrations used
in plates were: 20 ug ml~! nalidixic acid, 25
ug ml™! kanamycin, 25 ug ml~! chloram-
phenicol, and 32 ug ml~! ampicillin. Tri-
phenyltetrazolium chloride (50 ug ml~') and
lactose (10 mg ml™!) were added to broth
plates so that lactose-utilizing strains (lac*
strains) could be distinguished from lac™
strains (Levin et al., 1977).

E. coli K12 strain CSH7 (Miller, 1972),
which is lac*, was used in population ex-
periments. A spontaneous mutant unable to
utilize lactose (lac™) was collected, and a
strain resistant to nalidixic acid was isolated
from it by spreading about 10'° cells on a
plate with medium containing nalidixic acid.
The CSH7 lac*, nalidixic-acid-sensitive
strain (7%) and its lac™, nalidixic-acid-resis-
tant derivative (7n~) were used in all in-
vasion experiments. At the start of each ex-
periment, one strain carried the transposon,
and the other did not.

The conjugative plasmid R100.1drd (Na-
kaya et al., 1960; Iida, 1980) was used in
the population experiments. This plasmid
is a derepressed mutant of the wild-type
R100.1 and carries resistance to chloram-
phenicol; I will always refer to it simply as
“R.” The transposons used were Tn3 and
Tn5 (Heffron et al., 1979; Beck et al., 1982).
Tn3 carries resistance to ampicillin, and Tn5
carries resistance to kanamycin.

Construction of Transposon-Bearing
Plasmids.—To isolate derivatives of the
plasmid R that carried Tn3 and Tn$, a mat-
ing-out procedure was used (Morisato et al.,
1983). First, R was transferred into strain
UBI1731, which carries Tn3 on the chro-
mosome (Bennett and Richmond, 1976),
and the resulting strain was used as the do-
nor in a mating with 7n~. From this mating,
7n~ cells that acquired R were tallied on
plates carrying the antibiotics chloram-
phenicol and nalidixic acid; 7n~ cells that
acquired both a plasmid and Tn3 were se-
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lected on plates carrying ampicillin and na-
lidixic acid. Colonies from the latter plates
were tested for sensitivity to chloramphen-
icol, and a sensitive colony was used as do-
nor in a subsequent mating to confirm that
the transposon’s resistance gene was trans-
ferring with the plasmid. A plasmid that
transmitted ampicillin-resistance (and pre-
sumably carried Tn3) but did not carry
chloramphenicol-resistance was collected
and named “R3.” A similar mating-out was
done using Tn3, starting with strain DD 1420
(Hartl et al., 1983), which carries Tn5 on
the chromosome. A plasmid carrying Tn5
but which had lost chloramphenicol-resis-
tance was isolated and named “RS5.”

It was necessary to use chloramphenicol-
sensitive, transposon-bearing plasmids for
invasion experiments in which R was the
“resident” plasmid, because only then was
it possible to distinguish cells with two dif-
ferent plasmids (heteroplasmid cells). For
example, in an experimental population
carrying R and RS, R-bearing cells can be
selected on plates with chloramphenicol, RS
cells on kanamycin plates, and heteroplas-
mid cells (R and R5) on chloramphenicol-
kanamycin plates. This would not be pos-
sible if the transposon-bearing plasmids still
carried chloramphenicol resistance.

Maintaining Populations. — All experi-
ments were carried out in one of two lig-
uid-culture regimes: serial transfer or che-
mostats. Under a serial-transfer regime
(Atwood et al., 1951), bacteria are kept in
“batch” culture; they are provided with lig-
uid medium and grow until a carbon source
is exhausted. Each day, a small aliquot is
transferred to a fresh batch of the resource.
Batch cultures were always kept in 10 ml of
liquid medium in 50-ml flasks, shaken at
about 150 rpm at 37°C. For serial transfer,
0.1 ml of maximum-density cultures was
transferred into 10 ml of fresh medium every
day; 24 hours was more than enough time
for cultures to reach saturation density.

In chemostats, a culture is maintained by
constant inflow of growth medium and con-
stant outflow of spent medium and bacteria;
cell density can be maintained at equilib-
rium (Novick, 1955; Dykhuizen and Hartl,
1983). I used chemostats of the homemade
variety described by Chao et al. (1977), with
minimal glucose as the medium. Effluent
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was collected in flasks, and its volume was
measured every 2-3 days to calculate the
exact flow rate of each chemostat culture.

All experiments described below were
initiated with cultures that were grown
overnight from a single bacterial colony,
which in turn had been grown from a single
cell. This minimizes variation within pop-
ulations of the same plasmid and host.

Parameter Estimates.—Growth rates in
batch cultures were estimated from plate
counts made at roughly hourly intervals
during one growth period (4-5 counts per
experiment). The estimates for growth rates
presented here are taken from conjugation
and segregation experiments described be-
low. In chemostats, the growth rate was as-
sumed to equal the flow rate.

The relative fitnesses of two coexisting
populations were estimated from the rate of
change of the ratio of the rare population
to the total population (Dykhuizen and
Hartl, 1983) in either chemostats or serial
transfer. Estimates for fitness differences
were taken from the invasion experiments
themselves (described below).

Conjugation parameters were estimated
in both batch and chemostat cultures in
matings that were independent of the in-
vasion experiments. For batch cultures, a
plasmid-bearing culture of the 7+ host and
a plasmid-free culture of 7n-, both at max-
imum density, were diluted 100-fold, mixed
into fresh medium, and sampled every 30—
60 minutes for 2-3 hours. In a chemostat,
the entire contents of tubes holding equilib-
rium populations of donors and recipients
were mixed and sampled hourly for up to
eight hours. Conjugation parameters were
estimated from changes in the densities of
donors, recipients, and transconjugants (re-
cipients that acquired a plasmid); Levin et
al. (1979) give formulae for the calculations.

Segregation rates were also measured in-
dependently of invasion experiments. There
are two different segregation rates in the
model described by Condit et al. (1988):
The first, 7, is the rate at which plasmid-
bearing cells become plasmid-free. To es-
timate its rate, colonies of an R-bearing cul-
ture were grown on nonselecting medium,
and single colonies were patched to plates
with chloramphenicol, where R-free colo-
nies would fail to grow.
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The second segregation parameter is 7,
or the rate at which heteroplasmid cells (cells
with two different plasmids) are converted
to homoplasmid cells by loss of one plasmid
type; this rate is high when two plasmids
are incompatible. I estimated 7, as follows
(Nordstrom et al., 1980; Novick and Hop-
pensteadt, 1978; Novick, 1987). Broth was
inoculated with 5 x 104 heteroplasmid cell
ml~!, and the density of total cells and het-
eroplasmid cells was estimated hourly. As
long as total density was less than 107 cell
ml~!, plasmid transfer would be insignifi-
cant, so the difference between the rate of
increase of total cells and heteroplasmid cells
equaled the segregation rate. Regression was
done on 4-7 sampling points per experi-
ment to estimate the two growth rates.

Transposition rate from chromosome to
plasmid was estimated during mating-out
experiments, (see above). The ratio of trans-
conjugants that acquired a transposon to to-
tal transconjugants was calculated at four
sampling times during exponential growth
ofa mating culture. The slope of a regression
of this ratio against time is an approxima-
tion of the transposition rate.

The ability of Tn3 and Tn5 (on the plas-
mids) to transpose was tested by screening
for strains in which the transposon had
moved to the chromosome. This was ac-
complished by growing a heteroplasmid
culture (R/R5 or R/R3) in antibiotics se-
lecting for resistance genes on both plas-
mids. After several transfers under selec-
tion, colonies derived from single cells in
the culture were used as donors in matings
to a 7n~ recipient. Colonies that still man-
ifested drug resistance but were unable to
transfer it would provide evidence that the
transposons had moved to the chromo-
some. Such colonies were further examined
by comparing BamH I restriction digests of
their plasmid DNA to digests from the orig-
inal plasmid-bearing strains (see Condit and
Levin [1990] for details). It was not possible
to estimate transposition rate using this pro-
cedure, so I assumed that the plasmid-to-
chromosome transposition rate was the
same as the chromosome-to-plasmid rate.

Statistics of parameter estimates were
based on replicate experiments; multiple
sampling points within an experiment (to
generate regression lines) were not used to
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calculate standard deviations. For conju-
gation and transposition parameters, log-
transformed data were used for statistics
because the estimates appeared to be dis-
tributed log-normally.

Population Dynamics.—Six invasion ex-
periments were carried out: two in che-
mostats and four in serial transfer, with two
of the latter in broth and two in minimal
medium. Invasion in serial transfer was ini-
tiated with overnight cultures of plasmid R
on host 7* (R/7%) and R3/7n", or converse-
ly, R/7n~ and R3/7*. The transposon-bear-
ing culture was diluted by 104, and 0.1 ml
of the dilution was mixed with 0.1 ml of the
undiluted R culture in 10 ml of fresh me-
dium. The mixed culture was grown over-
night, and 0.1 ml was retransferred into fresh
medium the following day, and so on for 11
days. Invasion experiments in chemostats
were started with equilibrium chemostat
cultures. A 10* dilution of the transposon-
bearing culture was added to the culture of
the plasmid R.

Experimental cultures were sampled dai-
ly, and appropriate dilutions were plated on
various combinations of antibiotics on broth
plates and minimal lactose plates. This al-
lows density estimates to be made for the
two cell types in the original inoculum, as
well as for new types formed by exchange
of the plasmids and transposition (see be-
low).

Modeling. —The original model used in
Condit et al. (1988) was based on chemostat
dynamics; for the present study, slight mod-
ifications were incorporated to make a se-
rial-transfer version as well. In addition, the
original model was altered to accommodate
the use of genetically distinctive hosts. This
required doubling the eight-cell-type model
of Condit et al. (1988) to a 16-cell model,
but this change is minor. The models and
their associated differential equations are
presented in the Appendix. Simulations of
the differential equations were run using the
Euler method (Ritger and Rose, 1968, pp.
374-377) with step size set at 0.02 hours.

Output of simulations included 16 cell
types, eight on each of the two host strains
(these are diagrammed in Condit et al.
[1988]). Only eight of these were detectable
in experiments, because it is not possible to
separate a strain with a resistance gene on
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TABLE 1.
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Growth rates (¥), maximum cell densities (N), and relative fitnesses (#; mean + SD). W is defined

as the fitness of the 7+ strain relative to 7n~ and is dimensionless. In serial transfer, 7+ had a lower fitness (W
is significantly different from 1.0), but in chemostats, it did not.

Serial transfer

Parameter Minimal medium Luria broth Chemostat
¥ (hr-1) 0.72 1.59 0.13
N (cell ml-1) 5.1 x 108 3.0 x 109 7.8 x 108
w 0.94 + 0.01 0.85 = 0.01 0.99 + 0.13

a plasmid from one with the same gene on
both plasmid and chromosome. Popula-
tions of cell types that could not be distin-
guished on plates were combined in the out-
put of simulations (see Appendix). In all
simulations, the densities of cell types with
the transposon on the chromosome were
much lower than the densities of cell types
with which they were combined.
Serial-transfer experiments were simulat-
ed using the independently derived esti-
mates of conjugation, segregation, and
transposition parameters (see above) and
estimates of fitness taken from the experi-
ments themselves. Simulations of chemo-
stat experiments were run with the inde-
pendently derived conjugation and
transposition parameters, the approxima-
tions for segregation described below, and
with no fitness difference assigned. Addi-
tional simulations were run with the trans-
position rate set to zero or as high as 0.1
hr~!, with all other parameters kept the same.

RESULTS

Parameter Estimates.—Growth and fit-
ness parameters are presented in Table 1,
and estimates for conjugation parameters
are given in Table 2. In populations of cells
carrying a single plasmid type, segregants
were not observed, so I assumed a value of
10~*hr~! for 7,, as reported in Falkow (1975)
for resistance plasmids in general and in
Gerdes et al. (1985) for R1, a relative of
R100. Segregation rate from a heteroplas-
mid cell line to form cells with only one
plasmid type was 0.44 hr~! (SD = 0.08, N
= 6 experiments, combining estimates for
R/R3 and R/RS in minimal and LB). Seg-
regation-rate constants were not measured
in chemostats, so I used the serial-transfer
value of 10~ for 7,,. For 7, it was necessary
to assume that segregation is directly pro-
portional to growth rate (see Novick and
Hoppensteadt, 1978). Based on growth rates
given in Table 1, this leads to an estimate
of 0.05 for 7, in chemostats.

TabLE 2. Conjugation-rate constants for plasmid R (R100.1drd) and its derivatives. In all cases, the strain 7+
acted as donor and 7n- acted as recipient, or vice versa. Transfer to a plasmid-bearing recipient was measured
using a recipient carrying one of the other two plasmids; for example, transfer of R was measured into recipients
with RS or R3, with the data for both combined. CI's are confidence intervals, and N gives the number of

independent experiments.

Culture regime Recipient Plasmid Mean CL N
Batch, minimal plasmid-free R 1.2 x 109 0.40-3.6 x 109 3
medium R3 2.9 x 109 1.0-8.3 x 109 3
plasmid-bearing R 9.4 x 10-13 2.0-43.1 x 10-13 5

R3 2.4 x 10-11 1.1-5.2 x 10-11 8

Batch, Luria broth plasmid-free R 6.5 x 102 - 1
RS 2.7 x 10-10 0.80-9.5 x 10-10 3

plasmid-bearing R 4.2 x 10-10 1.6-11.2 x 10-10 4

RS 1.9 x 10-12 0.28-12.6 x 10-12 4

Chemostat plasmid-free R 4.6 x 10-13 — 1
R3 43 x 10-13 2.2-10.1 x 10-13 2

R5 6.0 x 10-14 4.3-7.8 x 10-14 3

plasmid-bearing R 1.3 x 10-14 0.30-5.1 x 10-14 2

R3 2.4 x 10-13 0.59-7.9 x 10-13 3

R5 7.0 x 10-17 - 1
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Fic. 1.

Invasion of R3/7n" into R/7* in minimal medium. There are 6.6 cell generations per transfer. A)

Experimenal results; B) simulation with transposition rate set at the estimate given in the text (a simulation
with transposition rate set to zero looked indistinguishable and is not shown); C) simulation with transposition
rate set very high (0.05) but all other parameters identical to those in B.

The mean transposition rate for Tn5 was
7.1 x 1077 hr~! (95% confidence interval =
4.1-12.1 x 1077, N = 5 experiments), and
that for Tn3 was 6.3 x 107¢ (1.5-12.0 X
1075, N = 4). These estimates exclude any
transpositions into the plasmid’s transfer
region that prevented subsequent plasmid
transfer, but such events would be unim-
portant from the perspective of population
dynamics. I must also assume that there is
no fitness effect of the transposon-bearing
plasmid relative to the transposon-free plas-
mid, but over a short experiment even a
substantial effect would not alter estimates
much.

After growing heteroplasmid populations
in medium selecting for both plasmids, it

was common to find strains that still carried
kanamycin-resistance but could not transfer
it to recipients, and I also located two strains
for which the same was true of ampicillin-
resistance. Restriction digests of the plas-
mid DNA from these strains confirmed that
the plasmid with Tn5 or Tn3 was no longer
present. Apparently, these resistance genes
had moved from the plasmid onto the chro-
mosome, and the plasmid had been lost (the
second plasmid carrying a different resis-
tance gene was still present; see Condit and
Levin [1990] for further explanation).
Population Dynamics.—Since the two
plasmid types started on different hosts, four
new strains could be formed by plasmid
transfer. For example, when the original
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FiG. 2. R5/7n invading R/7* in broth. There are 6.6 cell generations per transfer. A) Experimental results;
B) simulation with transposition rate set at the estimate given in the text (a simulation with transposition rate
set to zero looked indistinguishable and is not shown); C) simulation with transposition rate set very high (0.05)

but all other parameters identical to those in B.

cultures were R/7* and R3/7n", the four
new strains were R,R3/7*, R,R3/7n", R/7n",
and R3/7*. Plasmid-free strains were al-
ways very rare (they were never detected)
and will be ignored in subsequent discus-
sion. As discussed above, eight other strains
may have been formed by a transposon
moving onto the chromosome, but these
were not detectable in plate counts.

In serial-transfer experiments, the 7n~ host
increased in frequency relative to the 7* host
(Figs. 1a—3a). The dynamics were consistent
with growth differences of 6% in minimal
medium and 15% in broth (Table 1). Sim-
ulations were run using these selection coef-
ficients. The fitness difference between hosts

did not depend on which plasmid was ini-
tially on which host, demonstrating that the
transposons and plasmids did not affect host
fitness.

In two experiments in which the invading
plasmid started on the 7n~ host, the four
transconjugants rose in frequency (Figs. 1a,
2a); conversely, when the invading plasmid
started on the 7* host, all transconjugants
waned after they first appeared (Fig. 3a).
Results from a fourth serial-transfer exper-
iment in broth medium, with R5/7+ invad-
ing R/7n~, are not shown but were quite
similar to those in Figure 3a in that trans-
conjugants appeared on the first day but
waned in frequency thereafter. In general,
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Fi1G. 3.

Transfers

R3/7+invading R/7n" in minimal medium. There are 6.6 cell generations per transfer. A) Experimental

results; B) simulation with transposition rate set at the estimate given in the text (a simulation with transposition
rate set to zero looked indistinguishable and is not shown); C) simulation with transposition rate set very high

(0.05) but all other parameters identical to those in B.

transconjugants rose in abundance when the
invading strain proliferated and waned when
the invading strain declined.

There was no consistent fitness difference
between the 7n~ and 7+ hosts in chemostat
experiments, and neither Tn5 nor Tn3 in-
creased in frequency after being introduced
on 7% into a population of R/7n~ (Fig. 4).
Transconjugants were rare throughout the
experiments and showed no tendency to rise
in frequency.

Simulations. —The fitness difference be-
tween 7n~ and 7* and variations in plasmid
transfer created ‘““noise”” which obscured the
impact of transposition. Simulations with
the same fitness and plasmid parameters can

be used to isolate effects of fitness, plasmid
exchange, and transposition on population
changes.

In three of four cases, simulations were
similar to experiments. The simulation of
R3/7n~ invading R/7* illustrates this best
(Fig. 1b): the rate of increase and absolute
densities of all six strains in simulations par-
alleled experimental results closely. Runs
with the transposition rate set to zero, rather
than the measured value of 6.3 x 1076, were
indistinguishable from the one shown in
Figure 1b. Simulations with high transpo-
sition rates (Fig. 1c) did not account for the
experimental data as well as those with no
transposition or low transposition. For the
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FiG. 4. Invasion experiments in a chemostat: A) Tn5
lowest lines in each case are transconjugant populations

; B) Tn3. Each day includes 4.5 generations. The two
; each one includes heteroplasmid and homoplasmid

cells as labelled. Transconjugant densities were so low that the two types could not be separated, as indicated;
in fact, in the RS experiment transconjugant densities were not reliably different from zero. When cell density

(V) was less than 10 cells ml~!, which was the minimum

two experiments in which the transposon
was introduced on the low-fitness cell line,
simulations predicted quite closely the de-
clines in density of the invading strain and
all transconjugants, as well as their relative
abundances (only one experiment illustrat-
ed; Fig. 3b). A simulation with a high trans-
position rate (Fig. 3c) did not improve the
fit; in fact, it was almost indistinguishable
from the runs with low transposition rate.
Again, a simulation with transposition rate
set at zero was indistinguishable from the
low transposition run.

In the fourth serial transfer case (Fig. 2b),
there was a sizable discrepancy between
model and data. The observed density of

detectable density, N was set to 10°.

RS5 cells in Figure 2a is about two orders of
magnitude above expected (Fig. 2b), and the
abundance rankings of the cell lines in sim-
ulations do not match those in the experi-
ment. Simulations with high transposition
rate (Fig. 2c) improved the fit to experi-
mental results somewhat, but differences re-
mained.

In chemostats, simulations with low
transposition or no transposition matched
the experimental results closely, predicting
transconjugant densities less than 102 cell
ml~!. Moreover, due to low transconjugant
densities, transposition had no impact on
the computer results; if the transposition
rate was high (0.1 hr™'), transconjugant den-
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sities remained less than 10? throughout the
experiment. Similar results were obtained
even if the segregation rate was varied by
an order of magnitude around the approx-
imate value used.

DiscussioN

Previous experimental studies of the pop-
ulation dynamics of transposons considered
only two populations, one with the tran-
sposon on the chromosome and one without
any transposon (Hartl et al., 1983; Chao et
al., 1983; Chao and McBroom, 1985). By
avoiding the inconvenience of conjugative
plasmids, these studies were able to detect
small differences in fitness due to the car-
riage of a transposon; however, they were
unable to evaluate the role of infectious
transfer of transposons with plasmids or
phage as vehicles. By including conjugative
plasmids as vectors for intercellular move-
ment of transposons, my experiments were
capable of testing the hypothesis that tran-
sposons can be maintained as parasitic
DNA. As is often the case, however, added
realism restricted the sensitivity of the ex-
periments, and incorporating plasmid
transfer made it necessary to use a complex
model to interpret the results.

The experimental results presented here
are in more or less qualitative agreement
with predictions of the model. Detailed ap-
praisal of three of the four serial-transfer
experiments and the two chemostat exper-
iments reveals close fit between simulations
and experiments. Transposition appeared
to make no contribution to the dynamics of
the transposable elements in these cultures.
Simulations without transposition or with
a very low transposition rate account for the
observed dynamics as well as or better than
simulations with the transposition rate set
at a high value. Therefore, although Tn3
and Tn$S were capable of transposing, trans-
position had no detectable effect on exper-
imental outcomes. Plasmid transfer and dif-
ferences in fitness between the host-cell lines
accounted for the observed dynamics.

In one serial-transfer experiment, the fit
of the model’s predictions was not close,
demonstrating that evidence counter to the
model could have been obtained. In this
experiment, the density of Tn5 rose at a
higher rate than anticipated. Figure 2¢ sug-
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gests that a high transposition rate alone
cannot account for the discrepancy. Another
possible explanation is that plasmid transfer
parameters, which were measured at cell
densities below 10° cell ml~!, were not ap-
plicable at the high cell densities achieved
in Luria Broth (up to 5 X 10°). Simulations
using lower transfer parameters did im-
prove fit to the experimental population tra-
jectories, favoring this hypothesis, but the
evidence is not conclusive. The significant
point is that in five out of six experiments,
the model worked well.

The major shortcoming of the experi-
ments was their lack of resolution. Changes
in frequency of any cell type below about
1073 hr~! would not have been detected, so
transposition rates may have been as high
as 1073 between plasmids, or the transpo-
sons may have been reducing fitness slight-
ly, and experiments would not have re-
vealed it. The experiments were also
consistent with a system in which trans-
position never occurred or was a conser-
vative process (as it might be for Tn5 [Berg,
1977)). I could have pursued experiments
for longer periods, but fitness and conju-
gation differences would still have over-
whelmed the effects of transposition. Be-
cause transposition rate in experimental
populations could not be set to a value high
enough to detect its effect, validation of the
model must be considered incomplete. Ide-
ally, one would find an element whose rate
of transposition between chromosome and
plasmid was 1072 or higher and then ex-
amine the contention that its invasion rate
would be on the order of 1% hr~!, which
would probably be detectable even against
a background of plasmid transfer and fitness
differences.

In sum, certain conclusions of the model
for the population dynamics of transposable
elements were confirmed by experiments
with laboratory populations. Predictions
about the exchange of plasmids were borne
out, and the statement that transposition
plays a minor role in the dynamics of para-
sitic transposable elements was confirmed,
at least over the range of conditions studied.
I conclude that transposition will seldom
have an important impact on the rearrange-
ment of bacterial genomes—at least when
there is no selection favoring the elements —
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and that most bacterial transposons did not
evolve as parasitic DNA nor do they persist
as parasitic DNA. Transposons are quite
different from plasmids, some of which can
readily invade novel populations even with
no selection (Lundquist and Levin, 1986)
and which seem to be quite able bacterial
parasites.
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The parameters used in the model of Condit et al. (1988) were:

S = resource concentration in the culture (ug ml-!)

v = maximum growth rate of the most fit cell line (hr-!)

k = resource concentration at which growth rate is half-maximum; assumed to be constant for all cell lines

Wy, = relative fitness of cell type N, (dimensionless)

h = flow rate of chemostat (hr!)

¥ = growth rate of most fit cell line (hr~!); ¥ is a function of S

e = amount of resource (in ug) used during one cell cycle; assumed to be constant for all cell types and
independent of growth rate

¢ = resource concentration in inflow of chemostat (ug ml-')

Yoo = conjugation rate of transposon-free plasmid into plasmid-free cells (ml hr~! cell-!)

Y = conjugation rate of transposon-bearing plasmid into plasmid-free cells (ml hr=! cell~!)

Yop = conjugation rate of transposon-free plasmid into plasmid-bearing cells (ml hr~! cell™!)

¥, = conjugation rate of transposon-bearing plasmid into plasmid-bearing cells (ml hr~! cell~!)

To = segregation rate to plasmid-free cells (hr!)

7, = segregation rate for loss of one plasmid type from heteroplasmid cells (hr~'); equal segregation rates for
the two plasmid types in the same cell are assumed

& = transposition rate (hr-')

€ = excision rate of transposon (hr!).

There are 16 cell types, designated N, and M, (i = 0, . . . 7), with each set of eight identical to those pictured in
Condit et al. (1988 fig. 2); the N’s and M’s are different only at an unchanging chromosomal marker (one
represents CSH7+, the other CSH7n"). The equations for rate of change of each cell type N, are derived in detail
in the appendix of Condit et al. (1988) and are identical here except for two minor changes: switching from
chemostat to serial transfer and incorporating the second set of eight cells.

The differential equation for resource concentration in a chemostat is

ds

T h(c — S) — ¥(S)eZ(Wy,N,) (A1)
(Stewart and Levin, 1973; Levin, 1981). To change this to a serial-transfer model, the A(c — S) term, which
represents continuous input and washout of resources in a chemostat, is dropped. The second term represents
decline of the resource as cells consume it, and it remains in a serial-transfer model. Hence, dS/d¢ < 0 at all
times, and when S declines below some small value L (L = 0.001 ug ml~!' in simulations), the culture is
“transferred” by resetting S to its initial value, S,. The equations for each cell population in a chemostat (Condit
etal., 1988 eq. 3) also include a term for washout, —AN,, which is removed from the serial-transfer model. Each
population grows steadily until S < L and ¥ approaches zero; then, N, is divided by a constant dilution term
(100 in these runs).

In order to incorporate a second cell type, one need only note that each M, carries the same plasmids as N,
and that the only interaction between N’s and M’s is the exchange of plasmids. Let N, be the sum of the density
of cell types N carrying any plasmid, define M similarly for types M carrying the same plasmid, and let N, be
any recipient. In a model of single cell types, N, conjugates with N, at a rate yNyN,. Incorporating a second cell
type simply requires replacing this term with yv(N; + My)N.,.
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Growth rate is related to resource concentration by a Monod equation (Monod, 1949):
¥ =vX (A2)

with X = S/(k + S). Assume also that conjugation and segregation rates decline with .S in the same way, so
each vy and 7 are multiplied by X. For brevity, define

F=N, + M, + Ny + M, + 0.5(N, + M, + N¢ + My)
T=N, + M, + N, + M, + 0.5(N, + M, + Ns + M,). (A3)

F is the sum of donors of the transposon-free plasmid, and T is the sum of donors of the transposon-bearing
plasmid. The 0.5 term is based on the assumption that heteroplasmid cells transfer each plasmid at an equal
rate. In the model, every transposition into the plasmid R inactivates the chloramphenicol gene, thus converting
it to R3 or RS (whichare chloramphenicol-sensitive) and obviating the need for further plasmid types.

Below are the differential equations describing the resource concentration and the cell populations in a serial-
transfer model.

& e W, + M W)
dN,
d—t" = Wy¥UN, + 7o(N, + N, + N3)
+ eNy — YoolNoF — YoNoT
dn,
T Wy N, + 0.5X1,N, — Xy,N,T
+ (N, + Ns) + YoolN.F — 74N,
dn,
e Wy, UN, — X1,N, + e2N; + Ny — N,)
— 20N, + Xy N\ T + Xyo,N3F — 14N,
dn.
-d—; = Wy,UN; + 0.5X7,N, — Xvo,N,F
+ (N, — 2N3) — 26N; + v oNoT
— 1oN; + 6N,
dn,
—dT“ = Wy UN, + 7¢(Ns + Ns + N;)
— €N,y — YoolNoF — N, T
dN
dt‘ = Wy, UN; + 0.5X7,Ng — XvNsT
+ (N — Ns) — 20Ns — 7oNs + YoolNoF
dn,
d—; = Wy¥Ng — X1,Ng + (2N, — 2Ng)
+ 8(N, + 2Ns — 2N¢g) + Xy, ,NsT
+ XvopN:F — 7oNg
dn,
- Wy, UN; + 0.5X1,Ng — Xyo,N;F — 3eN,

+ 20(N3 + No) — 176N7 + voNoT (A4)

The equations are repeated exactly for cell types M,~M,, but each N, is replaced by M,; the F’s and T"s remain.

Several of the cell types could not be distinguished experimentally; only eight strains were distinctive on plates
(see text). In the output of simulations, populations of cell types that could not be separated were combined for
comparison with the experimental results: types N5 and N combined with type N,; types N, and N, were
combined with type Ns; and likewise for types M with the same subscripts.

Values for S, and e were chosen in each simulation so that the maximum total cell density matched that from
a particular experiment. Generally, for minimal medium, where v = 0.72 (Table 1), S, = 200 ug ml-! and e =
5 x 1077 ug gave the appropriate cell density. In broth, v = 1.59 and S, was set at about 1,800 ug ml-!, with
the same e. K was taken from Monod (1949): 4 ug ml-'.



