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Associations between bacteria and their accessory elements
(viruses, plasmids and transposons) range from antagonistic to
mutualistic'”. A number of previous studies have demonstrated
that plasmid carriage reduces bacterial fitness in the absence of
selection for specific functions such as antibiotic resistance™",
Many studies have demonstrated increased fitness of evolving
microbial populations in laboratory environments™®14-2! byt we
are aware of only one study in which fitness gains were partitioned
between a plasmid and its host®. Here, we examine the evolution

= ofan association between a plasmid and its bacterial host. Carriage
of the non-conjugative plasmid pACYC184 initially reduced the
fitness of Escherichia coli B in the absence of antibiotic. We then
cultured plasmid-bearing bacteria for 500 generations in the pres-
ence of antibiotic. The fitness of each combination of host and
plasmid, with and without the culture history, was determined by
competing it against a baseline strain. The results indicate adapta-
tion by the host genome, but no plasmid adaptation. We also
competed the evolved host, transformed with the baseline plasmid,
against its isogenic plasmid-free counterpart. The plasmid now
increased the fitness of its host.

E. coli B**** was transformed with the 4-kilobase (kb) non-
conjugative plasmid pACYC184, which encodes resistance to
chloramphenicol and tetracycline****. We cultured the plasmid-
bearing bacterial population for 75 days in a glucose-limited
minimal salts medium®’ supplemented with 10 ug ml~* chloram-
phenicol, which selected against plasmid-free segregants. Each
day, 0.1 ml of culture was transferred into 9.9 ml of fresh
medium; the cultures were maintained in 50-ml Erlenmeyer
flasks at 37°C and 120 revs per minute. The 100-fold daily
increase in cell numbers corresponds to 6.64 doublings, so that
75 days of culture represented approximately 500 generations
of hinary fission.

To allow us to distinguish different strains in our assays of
relative fitness, we used an arabinose marker. The parental E.
coli B strain is unable to grow on arabinose. We selected mutants
capable of using arabinose, which served as reference com-
petitors. Ara” strains form white colonies on tetrazolium
arabinose plates [tryptone agar supplemented with arabinose
(L+isomer) and triphenyltetrazolium chloride (TTC)]. The
derivations of the strains used in this study are described in
Table 1.

To determine the effects of plasmid carriage on host fitness
before the 75 days in culture, we competed the plasmid-bearing
strain JB13 against its plasmid-free counterpart JB12 in the
glucose-limited minimal medium, without chloramphenicol. As
a control for the arabinose marker, we also competed the two
plasmid-free strains, JB11 and JB12. Each replicate experiment
ran for six days, with samples plated daily. Some colonies from
each sample were also tested on agar supplemented with
chloramphenicol to monitor for segregants appearing during
the competition experiments, but they never became a large
fraction of the population. Any slight increase in the frequency
of segregants weakens statistical comparisons between plasmid-
bearing and plasmid-free strains, so our conclusions are con-
servative. The arabinose marker had no significant effect on
fitness, whereas there was a significant reduction in fitness of
the bacterial host associated with carriage of the plasmid in the
antibiotic-free environment (Table 2).

* Toa wham corr dence should be

Table 1 Bacterial strains
Strain Relevant characteristics*
IB11 plasmid-free Escherichia coli B
JB12 spontancous Ara”™ mutant of JB117T
JBI3 transformant of JB11 using plasmid pACYC184
JB14 spontaneous Ara® mutant of JB131
JB38 derivative of JB13 cultured for 500 generations

JB44 spontaneous plasmid-free segregant of JB38%

JBs54 transformant of JB11 using plasmid from JB13§

1BSS transformant of JB44 using plasmid from JB13

JB56 transformant of JB11 using plasmid from JB38

JBS7 transformant of JB44 using plasmid from JB38§

JB8s spontaneous Ara’ mutant of JB44+

RLE&61 transformant of JB8S (Ara®) using plasmid from JB13

All strains were stored at —80 °C immediately after their isolation to
preclude further genetic changes.

* Ara® indicates ability to use arabinose; all strains are Ara- unless
otherwise indicated.

1 Isolated by plating on minimal arabinose agar.

% Isolated by testing clones on agar with and without supplemental
antibiotics.

§JB54 and JBS7 are identical to JB13 and JB38, respectively; they
were used to control for any possible effects of segregation and transfor-
mation on fitness.

We investigated whether the 500 generations of culture history
conferred increased fitness; and, if so, whether genetic changes
in the bacterial chromosome, plasmid, or bath were respounsible
for this adaptation. All combinations of plasmid and host, with
and without the culture history (JB54-JB57) were competed
against JB14, the baseline plasmid-bearing strain with the
alternative arabinose marker, in medium supplemented with
chloramphenicol. We obtained three replicate estimates of the
selection coefficient for each of the strains, as described (Table
2). Analysis of variance indicates a highly significant effect
associated with the bacterial chromosome, but no significant
effects associated with either the plasmid or the chromo-
some/plasmid interaction (Table 3). Thus, the bacteria/plasmid
association underwent significant adaptation during the 500-
generation experiment; this adaptation was the result of genetic
change in the bacterial chromosome, but not in the plasmid.

We then determined whether adaptation by the bacterium
had altered the effect of plasmid carriage on fitness. We com-
peted JB5S5, the evolved bacterium transformed with the baseline
plasmid, against JB8S, the isogenic plasmid-free strain, in the
absence of chloramphenicol. To ensure that the arabinose
marker had no effect on fitness in the evolved bacterium, we
included a control in which JB44 was competed against JBSS.
As shown in Table 4, the arabinose marker again had no sig-
nificant effect on fitness, whereas there was a highly significant
enhancement of host fitness associated with plasmid carriage,
even in the antibiotic-free environment, after the host had
evolved in the presence of the plasmid for 500 generations.
Given this surprising result, we performed another control: we
competed RL861 (a transformant of JBRS) against the plasmid-
free JB44. The highly significant enhancement of fitness was
also observed in this evolved host possessing the alternative

Table 2 Effect of plasmid carriage on host fitness before culture history

Competitors Standard
A B n Mean error 1
JB13 IRI12 26 —0.055 per day 0.018 3.084 (P<0.01)
IB11 IB12 30 ~0.003 per day 0006 0.500 (NS)

A control for the effect of the arabinose marker was included (JB11
versus IB12). The n estimates of the selection coeflicient were calculated
by regressing the natwral logarithm of the ratio of the two competitors
(A/B) against time. A positive value indicates that A is more fit than
B; a negative value that B is more fit than A. NS, not significant;
= t-statistic.



arabinose marker (Table 4).

Our results can be summarized as follows. (1) The newly
introduced plasmid was antagonistic in the absence of antibiotic.
(2) The host/plasmid association underwent adaptation during
500 generations in the presence of antibiotic. This adaptation
was due to genetic change by the host. (3) After 500 generations,
the plasmid enhances the fitness of its host even in the absence
of antibiotic. Thus, an association that was formerly mutualistic
in the presence of antibiotic, but antagonistic in the absence of
antibiotic, has evolved into an association that is mutualistic in
both environments. (4) The genetic change responsible for the
new mutualistic effect arose in the host chromosome, because
the evolved bacterium experiences the benefit when transformed
with the baseline plasmid.

In the one previous study where fitness gains were partitioned
between a plasmid and host, Helling and co-workers® observed
that increased fitness was due to genetic change in the host, and
not in the plasmid, but they did not determine whether the cost
of plasmid carriage had changed as the result of bacterial adapta-
tion. Several other studies have demonstrated that accessory
ciemenis can enhance bacterial fitness even in the absence of
selection for specific functions such ag superinfection immunity
or antibiotic resistance®*', However, we believe that this is the
first study in which an evolutionary transition from antagonism
to mutualism has been observed directly for a bacterial accessory

element. ;
What is the naturc of the genetic change in the host that

causes it to benefit from plasmid infection, where previously it
was harmed? The evolved bacterial host could have become
tolerant of some cost imposed by the plasmid, thereby allowing
a previously existing plasmid-encoded benefit to be manifest. It
is interesting that a portion of pACYC184 is derived from P15A,
a non-conjugative, naturally occurring plasmid that does not
code for any known phenotypic properties”, It is not clear how
cryptic plasmids are maintained in bacterial populations. Math-
ematical analyses**** have shown that the conditions for such
plasmids to be maintained through mobilization by conjugative
plasmids are extremely restrictive. Such plasmids may carry
functions that benefit their hosts, but which have not been
detected because they confer no obvious phenotvpe. We will
test this hypothesis by deleting portions of the pACYC184
genome and determining whether any particular region is essen-
tial for its fitness-enhancing effect in the evolved host.

There is an important practical implication of our results. It
is often assumed that the introduction of DNA for biotechno-
logical functions will reduce the fitness of recombinant organ-
isms, owing to costs of carriage and expression of foreign DNA.
According to this ‘excess baggage’ hypothesis, the deliberate
release of recombinant organisms into the environment is inher-
ently safe because these costs will prevent their unintended
spread***~**. Qur results caution against uncritical acceptance
of this hypothesis.
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Table 3 Contributions of bacterial chromosome and plasmid to genetic

adaptation
Degrees
of Sums of
Source freedom squares Mean square F
Chromosome 1 3.6725 3.6725 119.625 (P <0.001)
Plasmid 1 0.0069 0.0069 0.225 (NS)
Interaction 1 0.0117 0.0117 0.381 (NS)
Error 8 0.2457 0.0307
Total 11 3.9368

Fixed effects model analysis was used to determine the contribution
to adaptation during the 500 generations of culture history. NS, not
significant; F = F statistic.

Table 4 Effect of plasmid carriage on host fitness after culture history

Competitors Standard
A B n Mean errar t

1B55 JB8S 20  +0.171 per day 0.017 10.142 (P <0.001)
JB44 JB8S 20  +0.009 per day 0.005 1.784 (NS)
RL8&61 JB44 20  +0.106 per day 0.009 11.800 (P <0.001)

A control for the effect of the arabinose marker was included (JB44
versus JB&5). NS, not significant.
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