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ABSTRACT
Conjugative plasmids can mediate gene transfer between bacterial taxa in diverse environments. The
ability to donate the F-type conjugative plasmid R1 greatly varies among enteric bacteria due to the
interaction of the system that represses sex-pili formations (products of finOP) of plasmids already harbored
by a bacterial strain with those of the R1 plasmid. The presence of efficient donors in heterogeneous
bacterial populations can accelerate plasmid transfer and can spread by several orders of magnitude. Such
donors allow millions of other bacteria to acquire the plasmid in a matter of days whereas, in the absence
of such strains, plasmid dissemination would take years. This “amplification effect” could have an impact on
the evolution of bacterial pathogens that exist in heterogeneous bacterial communities because conjugative

plasmids can carry virulence or antibiotic-resistance genes.

ONJUGATION is considered a major pathway for
horizontal (or lateral) gene transfer among bacte-
ria. Conjugation requires cell-to-cell contact and oper-
ates by DNA replication resulting in unidirectional
transfer of genetic material from a donor to a recipient
cell. It is mediated mainly by conjugative plasmids, al-
though conjugative transposons are also capable of trig-
gering the process of conjugation.

Two aspects of conjugative plasmids have contributed
to their importance as mediators of DNA transfer. First,
it has been observed that conjugative plasmids mediate
gene transfer in various environments such as soil and
rhizosphere (LILLEY and BAILEY 1997; TROXLER e al.
1997), plant surfaces (BJORKLOF ¢t al. 1995), water (BALE
et al. 1987), or human gut (BALIS et al. 1996). Second,
conjugative plasmids are highly promiscuous: donor
and recipient cells may belong to different genera or
even to different kingdoms (for reviews, see AMABILE-
Cukvas and CHICUREL 1992; OcHMAN et al. 2000). A
conjugative plasmid can infect different bacterial spe-
cies if they coexist in the same habitat because conjuga-
tion requires contact between donor and recipient cells.
Indeed, itis often the case that bacteria share the habitat
with several other bacterial species. For example, 400 or
500 different species of bacteria co-inhabitin a (healthy)
human gut and ~200 co-inhabit on the human skin
(BERG 1996; NIFLSEN ef al. 1998; WHITMAN et al. 1998).

In spite of the plasmids’ promiscuity, their ability to
pass between different bacterial strains or species has
been considered to be of lower efficiency than their
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ability to pass between similar bacteria, due to diverse
barriers such as restriction systems (SCHAFER et al. 1994;
SANDERSON 1996). However, this does not take into
account the possibility that some strains or species may
be better donors than other strains.

We investigated the ability of different bacterial
strains and species to donate plasmids because the pres-
ence of bacterial cells with high donor activity (X in
Figure 1) within a heterogeneous community of bacteria
might allow a localized amplification of such plasmids.
Following such amplification, a massive plasmid transfer
to the rest of the bacterial community is expected. If
that amplification indeed happens, the heterogeneity
of donor ability should positively affect the dissemina-
tion of plasmids.

How could this amplification effect happen? Let us
simplify the community to three strains: Y strain is the
initial carrier of the plasmid with low transfer ability, X
is the amplifier strain with high donor activity; and Z is
the rest of the community. Initially, Y cells carry the
plasmid but, because of their low donor ability, the
plasmid does not propagate among the Z recipient cells.
However, if X and Y cells coexist, Y cells could donate
the plasmid to X cells where it would propagate thanks
to the high donor ability of X cells. Then X cells could
donate to the rest of the community (Z cells). If such
a hypothesis is true, we should be able to (i) observe a
huge variability of donor abilities, (ii) show that indeed
the presence of amplifier cells can speed up the propa-
gation of a plasmid, and (iii) model the observed dynam-
ics in terms of their molecular mechanism. These pre-
dictions were fulfilled and the implications of this
amplification process in heterogeneous bacterial com-
munities are discussed here.
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MATERIALS AND METHODS

Strains and plasmid: The strains used in this article were
Escherichia coli Vdg380, E. coli Vdg411, E. coli Vdg435, E. coli
M3, E. coli M4, E. coli M1412, E. coli C4705, E. coli C4720, E.
coli C4734, E. coli K12 MG1655, Escherichia blattae ATCC29907,
Escherichia fergusonii ATCC35471, and Erwinia chrysanthemi
AK38644.

We used the conjugative plasmid R1, a natural plasmid
that confers resistance to six antibiotics (chloramphenicol,
kanamycin, ampicillin, streptomycin, spectinomycin, and sul-
fonamides) and that has been considered to be unable to
persist as a genetic parasite (GORDON 1992; BERGSTROM et al.
2000). The R1 plasmid is a member of a group of plasmids,
the F-incompatibility complex of transferable or mobilizable
plasmids, very well represented in nature (IncFII) and bearing
many of the virulence determinants of enteric species (FAL-
Kow 1996).

Antibiotics: In all experiments, the concentrations of the
appropriate antibiotics in the media were 40 pg/ml of nali-
dixic acid, 10 pwg/ml of mecillinam, 100 pwg/ml of rifampicin,
30 wg/ml of fosfomycin, 100 pg/ml of kanamycin, or 30 pug/
ml of chloramphenicol.

Conjugations: All conjugations in Tables 1 and 2 and for
Figures 2, 4, and 5 were performed by mixing logarithmic-
phase cultures in a 1:1 (donor:recipient) ratio, deposited on
a 0.45-um pore size filter (Schleicher & Schuell, Keene, NH),
and incubated on prewarmed Luria-Bertani (LB) broth with
agar. After 100 min at 37°, cells were resuspended in 1072 m
MgSO, and separated by swirling with a vortex mixer. This
mixture was plated on LB agar plates supplemented with the
appropriate antibiotics to select for donors, recipients, or
transconjugants. To select for the plasmids (donors or trans-
conjugants), we used kanamycin and chloramphenicol. Bacte-
rial colonies were scored after 48 hr. The E. coli strains used
for intraspecies conjugation were randomly chosen from a
collection of natural isolates obtained from Croatia (E. coli
C4705, E. coli C4720, E. coli C4734), Mali (E. coli M3, E. coli
M4, E. coli M1412), and France (E. coli Vdg380, E. coli Vdg411,
E. coliVdg435; MATIC et al. 1997). To distinguish donors from
recipients, we isolated spontaneous mutants to rifampicin and
fosfomycin resistance (RifR and FosR) or to nalidixic acid and
mecillinam (NalR and MecR) before introducing the plasmid
R1. Donor cells were the RifR and FosR derivatives and recipi-
ent cells were the NalR and MecR derivatives. Crosses done
in the reverse gave similar results. Three independent conjuga-
tions were performed and the values shown in Tables 1 and 2
are the mean values of the three measurements. By performing
conjugations on filters (rather than in liquid medium) during
a small period of time (100 min), secondary transfers from
transconjugants to recipients and competition between the
strains were minimized. This is important because if the conju-
gation rate from original donors to recipients is lower than
that from transconjugants to recipients, then the obtained
rate will be (erroneously) the rate of the last conjugation.
Therefore, the end-point method (SIMONSEN et al. 1990) could
not be used because it assumes that transfer rates between
donors and recipients and between transconjugants and recip-
ients are similar: the fact that this may be false is exactly our
starting point.

Serial dilutions: The serial dilution experiments, five of
them in presence of “amplifier” cells, were done in 10 ml of
liquid LB. Every day we proceeded to dilutions of 1/100 in
LB. The cultures were incubated at 37° and gently shaken.
The chromosomal markers of each E. coli strain were RifR for
the initially plasmid-free Vdg435 strain, FosR for the initially
plasmid-free amplifier M4 strain, and NalR and MecR for the
donor strain of Vdg435.

Computer simulations: Parameters used in simulations are
as follows. The growth rate of plasmid-free cells was set to 1.6/
hrand the fitness disadvantage of bearing the plasmid was 10%
of their growth rate. We further fixed the transfer frequency
between Vdg435 cells and from Vdg435 to M4 cells to 107,
Then the transfer frequencies between M4 cells and from M4
to Vdg435 cells in the formulas (LEVIN et al. 1979; SIMONSEN
et al. 1990) were optimized to fit to the experimental values.
For the optimization procedure, we minimized the distances
between the experimental and simulated values.

Curing bacteria: To determine the ideal concentration of
acridine orange for plasmid curing that is known to affect the
viability of these strains, E. coli K12 strain was used as the
reference test by incubating it overnight at 37° in LB broth
with different concentrations of acridine orange (dissolved in
absolute ethanol) ranging from 100 to 500 pg/ml (Fujir el
al. 1997). Triplicate samples of the resulting cultures were
plated to estimate the ideal concentration at which at least
30% reduction of viability was achieved. All the E. coli natural
isolates were cured using the same procedure. The ideal con-
centration at which at least 30% reduction of viability was
achieved was 500 pwg/ml. In comparison to the control (E. coli
K12 in the absence of acridine orange), the bacteria at 500
pg/mlsuffered a reduction of 54%. Thus, we used this concen-
tration of acridine orange to cure bacteria and obtain strains
lacking plasmids. Given that acridine orange is mutagenic, we
had to rule out the hypothesis that our results in conjugations
were not due to newly acquired mutations. Therefore, three
clones of each strain treated with acridine orange were isolated
and each replica of conjugations was carried out with each of
the isolated clones.

Statistical analysis: When testing for differences between
means (to test the null hypothesis that means are equal),
we used the two-sample ttest. When testing for differences
between two variances (to test the null hypothesis that the
two variances are equal), the variance ratio test (i.e., F-test)
was used. When testing the null hypothesis that several mean
values are equal, we used the single-factor analysis of variance
(ANOVA). In all cases, we rejected the null hypothesis when
P < 0.05.

RESULTS

High variability of donor ability: To test our hypothe-
sis (Figure 1), we started by checking the diversity of
enterobacterial donor ability. We measured the conju-
gation frequency between nine natural isolates of E. coli
strains, a total of 81 conjugations (Table 1), and between
strains belonging to four enterobacterial species (E. coli,
E. blattae, E. fergusonii, and E. chrysanthemi; Table 2).
The highest transfer frequency found between different
enterobacterial species (107", from E. chrysanthemi to
E. coli K12; see Table 2) is similar to the highest transfer
frequency within the same species (107", between E.
coli M4 cells; Table 1), showing that the plasmid transfer
between different species can be as efficient as between
cells of the same species. Moreover, conjugation fre-
quencies between enterobacteria reveal an impressive
diversity, ranging over more than six orders of magni-
tude. In particular, the range of donor ability spans
several orders of magnitude, as may be seen by compar-
ing the values found in the diagonals of Tables 1 and
2 (values of “self-transfer”). In the following we will use
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Donor Y cells Recipient Z cells
(initially with (initially without
plasmids) plasmids)

X cells
(initially without
plasmids)

Amplification
among X cells

F1cure 1.—The model for the amplification effect. Consider
three bacterial populations, X, Y, and Z, living in the same
habitat. Suppose that Y cells bear a conjugative plasmid. The
arrows represent the conjugation events: larger arrows repre-
sent higher efficiency of the plasmid transfer. The plasmid
from Y is going to infect both X and Z plasmid-free cells. If the
conjugation rate among X cells is high, the plasmid number
among them will amplify. Following this, plasmids from X
cells will be massively transferred to plasmid-free Z cells.

the term self-transfer to refer to plasmid transfer between
bacteria of the same strain, where donors and recipients
differ solely by the presence of the plasmid in the former
cells.

Furthermore, a strain can be a good donor to several
strains. For example, the transfer from cells of the M4
strain to those of the Vdg435 strain, as well as to those
of the Vdg411, M1412, C4705, or C4720 E. coli strains,
is much more efficient than self-transfer between cells of
these strains (Table 1). Similarly, E. chrysanthemi (strain
AK38644) cells are able to transfer the plasmid to cells

1527

of E. fergusonii ATCC35471, E. coli K12, or E. blatlae
ATCC29907 in a more efficient way than self-transfer
between cells of each of these species (Table 2).

Such large differences in donor activity among bacte-
rial strains and species encouraged us to test the hypoth-
esis (Figure 1) that the presence of potent donors (X)
among poor donors (Y) might greatly accelerate the
spread of plasmids in population Z.

Finding other candidates for the amplification effect:
Candidates for the amplification effect can be found by
plotting the frequency of conjugation from o to 3 wvs.
the frequency of self-transfer between (-cells (Figure 2).
The points above the main diagonal represent bacterial
strains (or species) a and [ where the transfer from
a-cells to B-cells is more efficient than self-transfer be-
tween B-cells. Out of the 81 experimental points (conju-
gations) obtained with nine E. coli strains, we found 22
pairs (>27% of the points above the main diagonal) of
strains o and B fulfilling such criterion (Figure 2A) and
6 out of 16 among the other enterobacterial species
(>37% of the points in Figure 2B).

Observation of the “amplification effect”: We chose
the E. coli strains M4 and Vdg435 because the frequency
of conjugation from cells of strain M4 to cells of strain
Vdg435 is ~6800-fold higher than the conjugation fre-
quency between Vdg43b cells. Moreover, the conjuga-
tion frequency between M4 cells is also high, allowing
for plasmid amplification within the M4 population (X
cells in Figure 1). E. coli Vdg435 bacterial cells bearing
the R1 plasmid (Y cells) were mixed with Z cells (plasmid-
free Vdg435 cells having other chromosomal markers)
in a 1:1 ratio. After five serial dilutions (~33 genera-
tions), no transconjugants were observed; i.e., no detect-

TABLE 1

Logarithm base 10 of conjugation frequencies between strains of E. coli

Donor

Recipient Vdg380 Vdg411 Vdg435 M3 M4 M1412 C4705 C4720 C4734
Vdg380 —3.0 (1.5) —5.8 (0.1) —=7.5 (0.6) —5.6 (0.7) —4.2 (0.6) —6.9 (0.3) —=5.5 (3.0) —3.1 (2.9) —17.9 (0.9)
Vdg41l —2.1 (0.1) —2.6 (8.1) —6.0 (10.4) —2.7 (8.0) —2.0 (4.1) —2.7 (12.8) —3.0 (2.1) —2.1 (7.0) —7.1 (8.2)
Vdg435 —2.1 (2.2) —3.9 (1.9) —-6.2 (5.8) —3.1 (0.3) —2.3 (0.9) —3.2 (9.7) —2.9 (13.9) —2.8 (4.5) —4.6 (10.3)
M3« —5.0 (10.0) —6.7 (0.0) <—85(NA) —2.5 (9.4) —4.6 (6.6) —6.4 (7.7) —4.8 (16.6) —4.7 (2.5) —8.5 (0.0)
M4 —-2.1 (13.1) —4.3 (0.7) —=7.5(0.9) —3.6 (1.2) —1.7 (0.9) —4.8 (54.6) —3.5 (10.5) —3.2 (1.2) —5.7 (3.1)
M1412° —5.5 (4.3) <—85(NA) <—-85 (NA) —8.2(0.4) —7.0 (1.9) —7.4 (0.2) <—-85(NA) —58 (7.5) <—8.5(NA)
C4705 —2.1 (14.8) —3.4 (4.7) —-54 (4.2) —2.7 (5.1) —2.2 (3.3) —3.1 (2.5) —=3.1 (18.4) —2.2 (12.0) —4.2 (11.4)
C4720 —25(2.2) —4.4(2.3) —8.1 (0.6) —3.6 (15.8)—2.7 (4.7) —4.8 (10.1) —3.9 (14.2) —2.7 (2.4) —6.5 (6.8)
C4734 —2.7 (11.1) —4.0 (6.6) —8.1 (0.6) —3.5 (18.1)—2.7 (15.4)—5.2 (14.6) —3.4 (12.4) —3.0 (14.0) —5.0 (6.0)
Mean

donor

ability’ —3.02 —4.85 —-7.30 —3.94 —3.28 —4.94 —4.30 —3.31 —6.46

Conjugation frequencies were calculated by dividing the number of transconjugants by the geometric mean of the number
of donor and recipient cells. All these conjugations were done three times and arithmetic means are shown. NA, not applicable
because no transconjugants were detected in the three experiments.

“When no transconjugants were detected in the three experiments, we refer to this as “<—8.5,” which is the limit of detection.

’Mean donor abilities were found by calculating the arithmetic mean of all the values of the same column.
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TABLE 2

Logarithm base 10 of conjugation frequencies between different species of enterobacteria

Donor
Recipient E. chrysanthemi E. blattae E. fergusonii E. coli
E. chrysanthemi —2.4 (25.3)° —4.7 (10.2) —5.8 (0.8) —3.7 (6.5)
E. blattae —2.0 (7.1) —3.4 (31.1) —5.2(3.6) —3.4 (0.8)
E. fergusonii —3.4 (0.4) =5.0 (7.7) —5.8 (2.5) —4.2 (0.1)
E. coli —1.7 (0.8) —3.7 (20.9) —5.3(5.1) —3.5 (13.5)

“The coefficient of variation in percentage is indicated in parentheses.

able transfer occurred when only Y and Z cells were
present. According to computer simulations of deter-
ministic mathematical models of plasmid transfer
(LEVIN ef al. 1979; SIMONSEN et al. 1990), in the absence
of X cells, it would take tens of years of serial dilutions
to get 10° Z transconjugants even without considering
that there is some disadvantage in harboring a plasmid
(data not shown).

In contrast, when X cells (of the strain M4 initially
without plasmid) were added at the beginning of the
serial dilutions, we were able to detect >10° transconju-
gants/ml of Z cells (and >10° transconjugants/ml of X
cells) after only 2 days (Figure 3).

Resident extrachromosomal elements affect the vari-
ability of donor ability: The best amplifier strains do not
seem to be related, as the best ones belong to different
species: E. coliM4 and E. chrysanthemi AK38644. If ampli-
fier strains are not closely related, then the cause of
this effect might be essentially other extrachromosomal
elements already present in these natural isolates, not
chromosomal genes.

If resident extrachromosomal elements are responsi-
ble for the amplification effect, then that effect should
be eliminated if donor strains are previously cured. To
test this hypothesis we made further experiments using
four strains of E. coli (the worst donor, Vdg435; the best
donor, M4; and two other strains randomly chosen from
the previous set, M1412 and C4705).

Before introducing the plasmid R1 in the chosen four
strains, we eliminated putative resident plasmids by
growing them in the presence of acridine orange. Only
then did we introduce the plasmid R1. As expected, the
variance of mean donor abilities of each strain de-
creased significantly [P = 0.032, F(3,3) = 13.05; see
Figure 4] when strains were previously cured, and the
mean of their donor abilities was similar in noncured
and cured strains (P = 0.816, ¢t = 0.254, d.f. = 3; Figure
4]. Furthermore, noncured bacteria do not have similar
donor abilities [ANOVA: F(3,8) = 54.4, P = 0.0000115;
Figure 4], while cured bacteria have significantly similar
donor abilities [ANOVA: F(3,8) = 2.41, P = 0.142; Fig-
ure 4]. This is because the average donor ability of
the Vdg435 increased after being previously cured of
putative resident plasmids (P = 0.009, ¢ = 10.27, d.f. =

2; see Figure 5, A and B), whereas the donor ability of
the M4 strain decreased when previously cured (P =
0.001, ¢t = 26.1, d.f. = 2; Figure 5, A and B). Meanwhile,
the donor abilities of the strains M1412 and C4705 did
not change significantly after being cured (P = 0.232,
t=1.693, df. = 2, and P = 0.402, ¢t = 1.054, d.f. = 2;
Figure 5, A and B).

The finOP genes are responsible for the diversity of
donor ability: Because conjugative plasmids often carry
genes whose products repress sex-pili formation, i.e.,
repress conjugation, and because these genes are the
finOand the finPin the case of the plasmid R1, we tested
the hypothesis that this effect was due to an interaction
between the finOP repressor system of the R1 plasmid
and those of other plasmids already present inside bacte-
rial strains.

To test whether the genes involved in the interaction
with the resident plasmids were indeed finO or finP, we
carried out conjugations between the four noncured
strains as before, but this time using the derepressed
plasmid R1drd19, which is isogenic to R1 except for the
inactivation of the finOP repressor (KORAIMANN et al.
1996). By calculating the mean value of donor ability
of each of the four strains bearing the plasmid R1drd19
we reach the following two conclusions: first, as ex-
pected, the transfer ability of the plasmid R1drd19 is
~1000 times (three orders of magnitude) more efficient
than that of the plasmid R1 (the two points on the right
side in Figure 4); second, the variance of mean values
of donor abilities among the four strains was much lower
when the plasmid Rldrdl9 was used than when the
plasmid R1 was used [P = 0.038, F(3,3) = 11.39; Figure
4]. In other words, because the plasmid Rldrdl9 has
its FinOP control system inactivated, its interaction with
similar systems of putative resident plasmids is elimi-
nated, which means that the average values of donor
abilities of each natural strain with the plasmid R1drd19
are significantly similar [ANOVA: F/(3,8) = 1.16, P =
0.382; Figure 5C].

Finally, conjugations with the plasmid R1drd19 were
made with the cured bacteria (Figure 5D). As expected,
these values (Figure 5D) are higher than those with the
plasmid R1 (Figure 5B) but the mean values for R1drd19
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FIGURE 2.—Searching for other amplifier strains. In A, o
and B are different E. coli strains, whereas in B, o and
represent strains of different enterobacterial species. (A and
B) Each point represents the value of conjugation frequencies
from cells of a strain a to cells of a strain 3 (vertical axis) vs.
the frequencies of 8 self-transfer (horizontal axis). The points
above the lower diagonal line represent pairs of strains « and
B where the transfer frequency from « to § is higher than
that between B-cells, i.e., where the ratio (conjugation fre-
quency from « to B)/(frequency of B self-transfer) is >1, a
prerequisite for the amplification effect. The other diagonal
lines specify points with this ratio above 10, 100, and 1000.
The points under the main diagonal represent pairs of strains
a and B where the transfer between B-cells is more efficient
than that from a-cells to B-cells: this happens when B-cells are
better donors than a-cells and/or is due to strain-specific
barriers in B-cells (e.g., restriction enzymes).

(Figure 5D) are not significantly similar [ANOVA: F(3,
8) = 11.47, P = 0.003].

DISCUSSION

Our results show that the amplification process can
indeed be responsible for the spread of a plasmid, at
least under laboratory conditions (Figure 3). Further-
more, contrary to our expectations, it is seen in Figure
2 that many strains (or species) can be amplifiers of the
R1 plasmid toward the other strains: out of the 97 points
representing different pairs of strains, almost 30% of
them are above the main diagonal.

The amplification effect can explain some observa-
tions in nature without being necessarily the only possi-
ble explanation. For example, it has been shown by

Transconjugants/Recipients

o ——————

0 1 2 3 4 5
Serial dilutions (days)

Ficure 3.—Evidence of the amplification effect. Solid sym-
bols represent experimental points (connected by continuous
lines), whereas open symbols (connected by broken lines)
represent computer simulations. The solid points represent
mean values of two sets of serial dilution experiments. In all
of them, the plasmid-bearing and the plasmid-free Vdg435
strain were mixed. In five of these experiments, no transconju-
gants were observed even after 5 days (solid circles): the points
represent the limit of detection, i.e., the mean values of the
reciprocal of the number of recipients in the system. In the
other five experiments, we also added plasmid-free cells of
the amplifier strain M4. Solid squares and triangles represent
Vdg435 and M4 transconjugants, respectively. Vertical bars
represent standard errors. On day 0 the error bars are very
small. Open symbols connected by a broken line represent a
computer simulation of equations (LEVIN el al. 1979;
SIMONSEN et al. 1990) of their counterpart solid symbols.

sequence analysis of F-like plasmids collected from natu-
ral isolates of E. coli and Salmonella enterica that plasmid
divergence between the two species is similar to that
found within species (BoyD et al. 1996; Boyp and HARTL
1997), contradicting the idea that horizontal gene trans-
fer is more common between similar bacteria than be-
tween different ones. In another study, it was shown that
F-like plasmids found in natural isolates of Salmonella,
Shigella, Erwinia, and E. coli are very similar, also indicat-
ing frequent and recent interspecies gene transfer
(MULEC et al. 2002). Moreover, we speculate that the
amplification effect may be common also among other
types of bacteria, as may be suggested by the observed
similarity among plasmids found in Bacillus (SONEA
1991; ZAWADZKI et al. 1996).

Because of this polymorphism of the donor ability
phenotype (Tables 1 and 2), the fitness of the plasmid
is (highly) dependent on its host and on the bacteria
present in that community. Therefore, if a plasmid in-
vades a bacterial community in the presence of amplifier
cells, its transfer (hence, duplication) efficiency may be
several thousandfold higher than that in the absence
of amplifier cells. Indeed, according to the simulations
(Figure 3), the ratio of the transfer rates in the presence
and absence of amplifier cells is, at least, 3 X 10% Ac-
cording to our experiments (Figures 4and 5), the strong
difference in plasmid fitness in the two experimental
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normal R1drd19
cured R1 cured R1drd19

normal R1

F1GURE 4.—Comparison of mean value and standard devia-
tion of donor abilities for all natural (nR1 and nR1drd19)
and cured (cRIl and cR1ldrd19) bacteria, independently of
the strain. Donor ability of a given strain is defined as the
mean value of conjugation frequencies of that strain as the
donor and all the other strains as recipients (including self-
transfer). The vertical axis is in logarithmic scale. The square
point represents the mean value, the outer rectangle the stan-
dard error, and the lines the standard deviation from the
mean value.

situations (in the presence and in the absence of ampli-
fier cells) is due to interactions between the FinOP
repressor system of the conjugative plasmid R1 and that
of other (resident) plasmids that were already presentin
some bacterial strains. The resident plasmids are either
inhibiting the transfer of the plasmid R1 by reinforcing
its FinOP expression, resulting in bad donors of the
RI plasmid, or stimulating sex-pili formation by being
dominantly negative and hence stimulating the transfer
of the R1 plasmid, resulting in very efficient donor
strains. In the case of strains with values of donor ability
similar to the average of the group, our experiments
do not tell us whether they have intermediate values
because the resident plasmids inflict both effects to-
gether in opposite directions; hence there is no net
effect, nor any interaction of the resident plasmids with
the plasmid R1 (which is similar to the case in which
no resident plasmids were present).

Other authors have shown that, due to the FinOP
system, sex-pili formation is repressed and that in a
population of E. coli K12 cells harboring the R1 plasmid,
~1/1000 cells escape from the FinOP system, initiating
the process of horizontal transmission of the plasmid
(KORAIMANN et al. 1991, 1996; Lee et al. 1992; vAN BrIE-
SEN and FrRoOsT 1992; vaN BIESEN et al. 1993). Moreover,
other naturally occurring conjugative plasmids have
evolved mechanisms (like FinOP system) to repress con-
jugative pilus synthesis and thus reduce their rate of
infectious transfer (GassoN and WILLETTS 1975; GAFF-
NEY et al. 1983).

It has been proposed that repression of sex-pilus syn-
thesis reduces the energy costs of the host because it
prevents the constitutive expression of the plasmid
transfer genes and lowers the risk of attack by pili-spe-
cific bacteriophages, like M13, Qf, or MS2 (ANDERSON
1968). However, in terms of evolution, this hypothesis
does not explain why conjugative plasmids have evolved
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F1Gure 5.—Comparison of mean values and standard devia-
tion of donor abilities for the four natural [nR1 (A) and
nR1drd19 (C)] and cured [cR1 (B) and cR1drd19 (D)] E.
coli strains: Vdg435, M4, M1412, C4705. Vertical axis, points,
outer rectangle, and lines as in Figure 4. Given that the method
to cure bacteria is mutagenic, we had to ensure that our results
on conjugations were not due to newly acquired mutations;
therefore three independent clones of each cured strain were
isolated and each replica of conjugations was done with each
of the isolated clones.

such repressor systems instead of simply decreasing the
efficiency of sex-pili formation.

Moreover, as shown here, these systems interact with
similar systems of other plasmids, resulting in a fuzzy
efficiency of the system itself: in a heterogeneous com-
munity bearing different bacterial strains, conjugative
plasmids will spread very fast among certain bacteria
(like the M4 strain or the strain of E. chrysanthemi used
here) and very slowly among other bacteria cells, but
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the final result is that the plasmid will be stably present
within that bacterial community. In other words, our
observations are consistent with selection for diversity
in piliformation and hence for fuzzy repressor systems
like the FinOP. A mathematical model to test this hy-
pothesis is being analyzed and will be published else-
where.

Bacteria-forming biofilms seem to be more prone to
evade not only the immune system but also antimicro-
bial agents, amoebas, and bacteriophages (COSTERTON
et al. 1999). Therefore, it is of particular interest to
relate our results to the fact that some conjugative plas-
mids induce biofilm development (GHIiGO 2001). In-
deed, many sex-pili-producing plasmids, including the
plasmid R1ldrd19, induce the development of biofilm
(Gu1Go 2001). However, unless transiently derepressed,
the plasmid Rl does not induce biofilm formation
(GH1G60 2001). Ghigo’s experiments were done with the
strain F. coli K12. Therefore, we hypothesize that the
plasmid R1 would be able to induce biofilm develop-
ment if the experiments were done with an amplifier
strain, such as the E. coli M4.

In conclusion, amplifier cells are likely to facilitate
the emergence of new pathogenic strains when plasmids
carry virulence factors (FaLkow 1996; HACKER and
KaPER 2000) and, in addition, to compromise the effi-
ciency of antibiotic treatments when plasmids carry anti-
biotic-resistance genes (Davies 1997) or both (GYLEs
et al. 1977; TimMmis et al. 1986), as well as to help to
induce bacterial biofilm development (GHiGco 2001).
The human body bears hundreds of different species of
bacteria, a total of 10" cells (BERG 1996), many carrying
conjugative plasmids (DatTAa and HucnEs 1983;
HucHEes and DaTtTA 1983) that can transfer virulence
and antibiotic-resistance genes between pathogenic and
nonpathogenic bacteria (WATANABE and FUKUsSAwA
1961). Therefore, identification of amplifier strains
could be of considerable importance for public health.
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