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Frequency-dependent advantages of
plasmid carriage by Pseudomonas in
homogeneous and spatially structured
environments
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The conditions promoting the persistence of a plasmid carrying a trait that may be mutually
beneficial to other cells in its vicinity were studied in structured and unstructured environments. A
large plasmid encoding mercury resistance in Pseudomonas fluorescens was used, and the mercury
concentration allowing invasion from rare for both plasmid-bearing and plasmid-free cells was
determined for different initial inoculum densities in batch-culture structured (filter surface) and
unstructured (mixed broth) environments. A range of mercury concentrations were found where
both cell types could coexist, the regions being relatively similar in the two types of environment
although density-dependent in the unstructured environment. The coexistence is explained in terms
of frequency-dependent selection of the mutually beneficial mercury resistance trait, and the
dynamics of bacterial growth under batch culture conditions. However, the region of coexistence
was complicated by conjugation which increased plasmid spread in the mixed broth culture but not
the structured environment.
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Understanding plasmid persistence in bacterial
populations is a major challenge for genetics and
evolutionary biology (Bergstrom et al., 2000). The
argument that most plasmids are parasitic and
persist despite being costly to their hosts requires
rates of horizontal transmission that are higher than
normally observed (Turner et al., 1998; Bergstrom
et al., 2000). Many plasmids harbour transiently
beneficial traits, such as antibiotic resistance or the
ability to utilize novel substrates (Eberhard, 1990;
Sørensen et al., 2005), raising the question of why
the advantageous gene is not captured by the host

chromosome. Possibilities are that plasmid mobility
allows the gene to be associated with selective
sweeps through a population within an ecological
niche, or because it allows gene flow among bacteria
in different niches (Bergstrom et al., 2000; Thomas,
2004).

Plasmid persistence may also be influenced by
frequency-dependent interactions. Many plasmid-
borne gene products alter the external environment,
benefiting neighbouring cells in addition to the
host cell (Eberhard, 1990) and can be considered
mutually beneficial (West et al., 2006) so that the
relative fitness of plasmid-bearing and plasmid-
free cells is frequency-dependent (Levin, 1988).
Although they may have an advantage when rare,
when plasmid-bearing cells are common, the plas-
mid-free cells are favoured as they benefit from the
public good without paying the cost of plasmid
carriage (Levin, 1988). A further complication is that
plasmids may be able to infect neighbouring cells
that have benefited from plasmid-borne genes
(Smith, 2001). The extent to which these fre-
quency-dependent interactions occur may be influ-
enced by the spatial structure of the population
(Nowak and Sigmund, 2004).
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The frequency-dependent selection of a plasmid
carrying a trait that modifies the local environment
was explored using a mercury-resistance plasmid in
Pseudomonas fluorescens SBW25 (Lilley and Bai-
ley, 1997). When the resistance operon of pQBR103
is expressed, Hg2þ is imported into the plasmid-
bearing cell by periplasmic scavenging enzymes and
converted to the less toxic and volatile Hg0, thereby
detoxifying the media (Silver and Misra, 1988). The
coexistence of plasmid-free and plasmid-bearing
cells was investigated while manipulating mercury
chloride concentration, initial inoculum size and
spatial structure (shaken broth culture or static filter
culture). For each combination of conditions, pairs
of experiments were initiated with the initial
density of either plasmid-free or plasmid-bearing
cells at approximately 10% to allow estimation of
the likelihood of invasion when rare. Bacterial
numbers reached their maxima after 3–4 days, when
the relative densities of plasmid-bearing and plas-
mid-free cells were estimated by plate counting.
Further experimental details can be found in the
online Supplementary Information.

The results confirmed that plasmid-bearing cells
have a selective advantage at high relative mercury
toxicity and that plasmid-free cells have an advan-

tage at low relative mercury toxicity. However, there
was not a simple relative mercury toxicity threshold
above which plasmid-carrying cells replace plas-
mid-free cells. In Figure 1, the relative toxicity
threshold for the increase in frequency of plasmid-
bearing cells does not coincide with the threshold
for plasmid-free cells; there is a region between the
red and green lines where both cell types can
increase from rare, implying their coexistence in
both structured and unstructured environments.
These results can be explained in terms of the
temporal dynamics of bacterial growth and mercury
removal. There is a relative mercury toxicity thresh-
old above which plasmid-free cells are inhibited but
not killed, and above this threshold plasmid-bearing
cells can grow while removing mercury from the
system. If the initial mercury concentration is not
too great, it will in time drop below the inhibitory
threshold and therefore, providing sufficient re-
sources remain, plasmid-free cells can begin to
replicate (at a higher rate than plasmid-bearing cells
as they not burdened by the plasmid) allowing both
types to persist. Whether this occurs depends on the
density of plasmid-bearing cells. In the mixed broth
culture, the total density of plasmid-bearing cells is
most important, whereas in the structured environ-
ment it is the local density of plasmid-bearing cells
that will determine of the fate of neighbouring
plasmid-free cells. In Figure 1, this is illustrated by
the positive effect of initial density on the relative
toxicity at which coexistence occurs in the mixed
cultures, compared to the relatively weak effect of
initial total density in the structured environment.

The bacterium and plasmid were marked with
genes encoding fluorescent proteins allowing the
identification of transconjugants and the visualiza-
tion of the spatial structure of plasmid-free and
plasmid-bearing cells in the filter culture (Mølbak
et al., 2007). Plasmid-free and plasmid-bearing cells
tended to form discrete microcolonies, limiting
physical contact and the opportunity for conjuga-
tion (Normander et al., 1998) until most of the space
is occupied (Figure 2). This led to high local density
of plasmid-bearing cells, which rapidly caused the
local removal of mercury, thereby reducing toxicity
and allowing the growth of plasmid-free cells.
Although the spatial arrangement of microcolonies
clearly differs between treatments (Figure 2), sug-
gesting different spatial dynamics, it appears to have
little effect on the conditions for coexistence
indicated in Figure 1. No transconjugants were
detected from the spatially structured habitat, but
in the well-mixed environment horizontal transfer
occurred allowing the plasmid to spread (orange
line, Figure 1) at mercury concentrations below the
threshold for invasion by plasmid-bearing cells in
the absence of conjugation (red line, Figure 1).
Although it is commonly thought that conjugation is
more efficient on surfaces than in liquid, it is
dependent on the initial density of cells (Lilley
and Bailey, 2002; Lagido et al., 2003) and therefore
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Figure 1 Relative mercury toxicity at which cell types can
invade from rare at a range of starting densities in spatially
structured environment (filters – solid lines) or homogeneous
environment (broth – dashed lines) as a function of initial cell
density. The green lines indicate minimum initial toxicity at
which GFP (Hgr) cells can increase in frequency from 10%. The
red lines indicate maximum initial toxicity at which RFP (Hgs)
cells can increase in frequency from 10%. The area between the
red and green lines is the conditions under which coexistence
occurs. For the broth data, the effect of conjugation on the
invasion of the plasmid is indicated by the orange line. The
coexistence then occurs between the red and orange lines.
Mercury concentrations have been converted to relative toxicity
values as described in the Online Supplementary Information to
facilitate direct comparison between structured and homogeneous
environments.
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the low initial cell density used here explains the
lack of transconjugants observed in the spatially
structured habitat. In the mixed environment, there
is a much higher likelihood of plasmid-bearing and
plasmid-free cells encountering one another in and
thus for conjugation to occur.

This study explored the coexistence of plasmid-
bearing and plasmid-free cells in spatially struc-
tured and well-mixed environments. Coexistence
occurs because of frequency-dependent selection on

a trait than can also benefit non-carrier cells, and the
temporal dynamics of the batch cultures experi-
ments. Although the experimental design is artifi-
cial, Pseudomonas spp. inhabiting the phytosphere
are likely to exhibit batch-type growth dynamics,
whereas their plasmids are known to carry genes for
other mutually beneficial traits in addition to
mercury resistance. The generality of the explana-
tion provides a suitable framework for understand-
ing the persistence of plasmids in many systems, but

24.32%
GFP

60.53% 
RFP

6.18%
GFP

14.96%
RFP

65

65

1x106

1x106

61.29%
GFP

34.48%
RFP

6.18%
GFP

14.96%
RFP

65

65

1x105

1x105

End
ratio

Start
ratio

Relative
toxicity

(%)

Total Initial
density

(CFU cm-2)

42.00%
GFP

36.36% 
RFP

4.94%
GFP

14.96%
RFP

49

49

1x104

1x104

GFP (Hgr) RFP (Hgs)

Figure 2 Epifluorescence images (captured as described in the Online Supplementary Information) of spatial arrangement of plasmid-
bearing GFP (Hgr) and plasmid-free RFP (Hgs) microcolonies at densities and mercury toxicity within the area of coexistence indicated in
Figure 1. Horizontal pairs of images are of GFP (Hgr) and RFP (Hgs) cells within the same field of view. Groups of four images illustrate the
outcomes when one or other of the cell types was initially rare, but at the same mercury concentration. Start and end ratios have been
determined by plate counts (see Online Supplementary Information). Each field of view is approximately 1mm2.
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the current challenge is to explore the dynamics of
plasmids in more realistic natural environments.
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