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ABSTRACT Horizontal gene transfer is a significant driver of evolutionary dynamics
across microbial populations. Although the benefits of the acquisition of new genetic
material are often quite clear, experiments across systems have demonstrated that
gene transfer events can cause significant phenotypic changes and entail fitness costs
in a way that is dependent on the genomic and environmental context. Here, we test
for the generality of one previously identified cost, sensitization of cells to the antibi-
otic nalidixic acid after acquisition of an ~1-Mb megaplasmid, across Pseudomonas
strains and species. Overall, we find that the presence of this megaplasmid sensitizes
many different Pseudomonas strains to nalidixic acid but that this same horizontal
gene transfer event increases resistance of Pseudomonas putida KT2440 to nalidixic
acid across assays as well as to ciprofloxacin under competitive conditions. These phe-
notypic results are not easily explained away as secondary consequences of overall fit-
ness effects and appear to occur independently of another cost associated with this
megaplasmid, sensitization to higher temperatures. Lastly, we draw parallels between
these reported results and the phenomenon of sign epistasis for de novo mutations
and explore how context dependence of effects of plasmid acquisition could impact
overall evolutionary dynamics and the evolution of antimicrobial resistance.

IMPORTANCE Numerous studies have demonstrated that gene transfer events (e.g.,
plasmid acquisition) can entail a variety of costs that arise as by-products of the incor-
poration of foreign DNA into established physiological and genetic systems. These
costs can be ameliorated through evolutionary time by the occurrence of compensa-
tory mutations, which stabilize the presence of a horizontally transferred region within
the genome but which also may skew future adaptive possibilities for these lineages.
Here, we demonstrate another possible outcome, that phenotypic changes arising as
a consequence of the same horizontal gene transfer (HGT) event are costly to some
strains but may actually be beneficial in other genomic backgrounds under the right
conditions. These results provide a new viewpoint for considering conditions that pro-
mote plasmid maintenance and highlight the influence of genomic and environmental
contexts when considering amelioration of fitness costs after HGT events.

KEYWORDS antibiotic resistance, drug resistance evolution, horizontal gene transfer,
megaplasmids, quinolones

orizontal gene transfer (HGT), a catch-all term for the transfer of DNA between

individuals, is one of the main drivers of evolutionary dynamics across microbial
populations (1-3). Although there are countless examples where HGT has been shown
to increase microbial fitness and/or enable colonization of new niches, it is increasingly
appreciated that HGT brings with it a variety of costs that arise as by-products of the
incorporation of foreign DNA into established physiological and genetic systems (4-6).
Recent efforts have begun to categorize and characterize phenotypic effects of HGT
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across systems and have clearly demonstrated that acquisition of the same genes can
lead to different outcomes across genomic backgrounds (7, 8). Such differences in phe-
notypic outcomes following HGT are analogous if not identical to the concept of sign
epistasis in the context of de novo mutations, whereby the fitness effects of a mutation
change sign (e.g., from positive to negative) under specific genetic combinations (9-11).
Much like sign epistasis, we currently lack a general understanding of the underlying
causes of differences in phenotypic outcomes following HGT, and as a consequence,
there is no clear model for predicting if and when acquisition of DNA could be detrimen-
tal in some genomic backgrounds but beneficial in others.

We have previously reported numerous phenotypic changes that occur as a conse-
quence of acquisition of an ~1-Mb megaplasmid, pMPPla107, by Pseudomonas strains
(12, 13). In addition to fitness costs correlated with slower growth, acquisition of
pPMPPIa107 alters a variety of other phenotypes in some strains including increased
motility, decreased biofilm formation, decreased thermal tolerance, increased sensitiv-
ity to an unidentified compound produced by pseudomonads, and increased sensitiv-
ity to quinolone antibiotics like nalidixic acid and ciprofloxacin. In the particular con-
text of antibiotic sensitivity, it is important to note that current annotations of
megaplasmid pMPPla107 contain no known antibiotic resistance genes (14) and that,
at present, the mechanistic basis and overall strain specificity of these phenotypic
changes remain unknown.

Here, we test for how frequently sensitivity to nalidixic acid is observed across
Pseudomonas strains after acquisition of megaplasmid pMPPla107. We show that,
although the presence of this megaplasmid increases sensitivity to nalidixic acid in
many strain backgrounds, one strain in particular—Pseudomonas putida KT2440—dis-
plays increased resistance to nalidixic acid and ciprofloxacin after this HGT event.
Therefore, our report provides an additional example whereby the precise phenotypic
effects of HGT are dependent on strain background but also suggests that antibiotic
resistance can be increased by megaplasmid pMPPla107 even in the absence of identi-
fiable resistance genes in the region acquired by HGT. These results, and specifically
strain-dependent changes in sign of phenotypic effects of plasmid acquisition, provide
a new viewpoint for considering conditions that promote plasmid maintenance and
highlight the influence of genomic and environmental contexts when considering
amelioration of fitness costs after HGT events.

RESULTS

A modified Kirby-Bauer disc diffusion assay replicates previous results for
nalidixic acid sensitivity upon megaplasmid acquisition. Our previously published
experiments thoroughly explored how acquisition of pMPPla107 increases nalidixic
acid sensitivity in Pseudomonas stutzeri 28a84 (13), and here we demonstrate that this
effect is replicated by a simple modified assay based on Kirby-Bauer disc diffusion
assays (15) (Fig. TA). Since antibiotics diffuse out from the disc into the medium, form-
ing a concentration gradient, the size of the inhibition halo is positively correlated with
sensitivity to nalidixic acid. We screened for nalidixic acid sensitivity in two different
backgrounds of P. stutzeri strain 28a24, DBL332 and DBL386. Derivative strains of these
(DBL453 and DBL408, respectively, which contain megaplasmid pMPPla107) have a
larger halo of inhibition around the antibiotic disc containing nalidixic acid than their
immediate progenitor strains which lack megaplasmid pMPPIa107 (Fig. 1B). There is an
overall significant effect of megaplasmid on nalidixic acid sensitivity (F, s = 132.143,
P <0.0001), and there are clear statistical differences between the areas of the inhibition
halos for each pair of megaplasmid-negative/megaplasmid-positive (megaplasmid=/+)
strains measured separately (DBL332/DBL453, t test, P < 0.001; DBL386/DBL408, t test,
P < 0.001). Therefore, the acquisition of this megaplasmid sensitizes these strains to this
antibiotic.

Acquisition of pMPPla107 sensitizes most, but not all, strains to nalidixic acid.
Extending the Kirby-Bauer diffusion assay design, we tested for sensitivity to nalidixic
acid across a variety of other Pseudomonas stutzeri strains as well as Pseudomonas
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FIG 1 Kirby-Bauer diffusion assays recapitulate a nalidixic acid sensitivity phenotype in Pseudomonas
stutzeri. We have previously demonstrated that acquisition of megaplasmid pMPPla107 increases
sensitivity to nalidixic acid in two independent rifampin-resistant derivatives of P. stutzeri 28a24,
DBL332 and DBL386. Here, we show that assays based on diffusion of nalidixic acid out of a disc
recapitulate this phenotype. (A) Representative scans from a disc diffusion assay using (from left to
right) a strain that either lacks (DBL386) or contains (DBL408) megaplasmid pMPPla107. Image areas
covered by each of these two representative pictures (gray) and the sensitivity halo around the disc
containing nalidixic acid and strain DBL386 (black) or strain DBL408 (white) are overlaid onto each
other at the far right of this image. The larger the inhibition halo, the greater the sensitivity to
nalidixic acid. (B) Data from disc diffusion overlay assays comparing P. stutzeri strains DBL332 and
DBL386 with derivatives which have acquired megaplasmid pMPPla107. Each strain was assayed at
least three independent times, with at least 2 (but usually 6) replicates per strain per assay. Halo size
was normalized to the relevant “wild-type” strain within each assay (DBL332 for DBL453, DBL386 for
DBL408) and plotted on the y axis. Individual data points are shown for all assays, with box hinges
corresponding to first and third quartiles and means plotted as horizontal lines in the center of the
boxes. Strains containing the megaplasmid are plotted in the gray boxes and are more sensitive to
inhibition by nalidixic acid (F,;, = 132.143, P<<0.0001) than paired parental strains lacking the
megaplasmid (plotted in white boxes). Additionally, there are clear statistical differences between the
areas of the inhibition halos for each pair of megaplasmid~/* strains (DBL332/DBL453, t test, P < 0.001;
DBL386/DBLA40S, t test, P < 0.001).

syringae pv. lachrymans 8003 and Pseudomonas fluorescens Pf0-1. The P. syringae
strains are relatively closely related to the strain in which this megaplasmid was origi-
nally found, P. syringae pv. lachrymans 107 (16), and acquisition of the megaplasmid
has been previously shown to affect growth of this strain (12). Overall, we find that
megaplasmid acquisition increases sensitivity to nalidixic acid across all of these strains
as reflected by increased halo size in these Kirby-Bauer assays (Fig. 2). However,
we also find that the magnitude of this difference appears to be smaller in P. syringae
than across all of the P. stutzeri strains and even smaller for the P. fluorescens Pf0-1
comparisons. All comparisons between megaplasmid~ and megaplasmid™ strains are
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FIG 2 Acquisition of megaplasmid pMPPla107 sensitizes numerous Pseudomonas strains to nalidixic
acid. Data are shown for disc diffusion overlay assays comparing P. stutzeri strains DBL880, DAB282,
DBL883, and DBL885 with derivatives which have acquired megaplasmid pMPPIla107 (DBL907, DBL287,
DBL910, and DBL912, respectively). Data are also shown for derivatives of P. syringae pv. lachrymans
strain 8003 and P. fluorescens Pf0-1 which either lack (DBL462 and DBL163, respectively) or contain
(DBL895 and DBL877, respectively) megaplasmid pMPPla107. Strain names of the original isolates of
genomic backgrounds lacking the megaplasmid are shown in gray headers. Data for “wild-type” strains
are plotted in white boxes, while data for strains containing the megaplasmid are plotted in gray
boxes. Each strain was assayed at least three independent times, with at least 4 (but usually 6)
replicates per strain per assay. Two additional assays were performed for P. syringae strains. Halo size
was normalized to the relevant “wild-type” strain within each assay and plotted on the y axis. Individual
data points are shown for all assays, with box hinges corresponding to first and third quartiles and
means plotted as horizontal lines in the center of the boxes. In each case, the presence of
megaplasmid pMPPla107 sensitizes strains to nalidixic acid as shown by increased halos of
inhibition. Asterisks indicate statistical significance by t test: ns (not significant)=>0.05, * = <0.05,
** = <0.01, *** = <0.001, **** = <0.0001. All intrastrain comparisons between parent strains that
lack the megaplasmid and derivative strains containing the megaplasmid are significantly different
(P<0.001) by t test with the exception of the Pf0-1 comparison, which was P < 0.05 by t test.

significantly different (t test, P<0.001 for each with the exception of P < 0.05 for the
Pf0-1 comparison). We have also included representative scans from each of these
comparisons in Fig. ST (found at https://doi.org/10.6084/m9.figshare.10257704.v2) to
demonstrate relative levels of antibiotic sensitivity.

Acquisition of megaplasmid pMPPla107 by P. putida increases resistance to
nalidixic acid. Using the same diffusion assays as described above, we find that acquisi-
tion of megaplasmid pMPPla107 by Pseudomonas putida KT2440 repeatedly increased
resistance of this strain to nalidixic acid (as reflected by a smaller halo in megaplasmid*
strains in Fig. 3). This effect was replicated in an independently created pair of P. putida
strains originally derived from P. putida KT2442, where megaplasmid pMPPla107 was
tagged with a different antibiotic resistance marker (Fig. 3A). P. putida KT2442 is a spon-
taneous rifampin-resistant isolate of strain KT2440 (17). Across both strain pairs, the pres-
ence of megaplasmid pMPPIa107 increases resistance of P. putida strains to nalidixic acid
(F, 45 = 147.57, P<0.0001), and there are clear statistical differences between the areas
of the inhibition halos for each pair of megaplasmid~/* strains (DBL305/DBL759, t test,
P < 0.001; DBL1604/DBL1620, t test, P<0.001). However, the magnitude of this effect
does appear to be somewhat strain specific (Fig. 3A) (F,g; = 58.36, P < 0.001).

Nalidixic acid and ciprofloxacin are both quinolone antibiotics that have the same
mechanism of action and cause bacterial cell death by inhibiting the ability of gyrase
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FIG 3 Acquisition of megaplasmid pMPPla107 by P. putida increases resistance to nalidixic acid but
not ciprofloxacin in disc diffusion assays. Data are shown for disc diffusion overlay assays comparing
P. putida strains DBL305 (KT2440) and DBL1604 (KT2442) with derivatives which have acquired
megaplasmid pMPPIa107 (DBL759 and DBL1620, respectively). Each strain was assayed at least three
independent times for each antibiotic, with 6 replicates per strain per assay. Halo size was normalized
to the relevant “wild-type” strain within each assay and plotted on the y axis. Individual data points
are shown for all assays, with box hinges corresponding to first and third quartiles and means
plotted as horizontal lines in the center of the boxes. Data for “wild-type” strains are plotted in white
boxes, while data for strains containing the megaplasmid are plotted in gray boxes. (A) Presence of
megaplasmid pMPPIa107 increases resistance of P. putida strains to nalidixic acid as shown by
decreased halos of inhibition (F, 55 = 147.57, P <0.0001). Moreover, there are clear statistical differences
between the areas of the inhibition halos for each pair of megaplasmid™* strains (DBL305/DBL759, t
test, P<0.001; DBL1604/DBL1620, t test, P <0.001). (B) Presence of megaplasmid pMPPla107 appears
to sensitize P. putida strains to ciprofloxacin as shown by increased halos of inhibition (F, g, = 12.99,
P <0.001). However, although ciprofloxacin halo inhibition areas statistically differ between strains
DBL305 and DBL759 (t test, P<<0.001), there is no clear difference in the inhibition halos between
strains DBL1604 and DBL1620 (t test, P=0.29).

or topoisomerase IV to covalently connect DNA strands after unwinding. Using the
same Kirby-Bauer diffusion assays as described above, but instead replacing nalidixic
acid discs with ciprofloxacin discs, we find that acquisition of megaplasmid pMPPla107
does not clearly increase resistance to this antibiotic (Fig. 3B). Although the results are
subtle, strains appear to be overall sensitized by the megaplasmid to ciprofloxacin
(Fr80 = 12.99, P < 0.001). However, only one of the megaplasmid*/~ strain pairs is sig-
nificantly different when evaluated individually (DBL305/DBL759, t test, P <0.001;
DBL1604/DBL1620, t test, P=0.29).

A general cost of acquisition of megaplasmid pMPPla107 by P. putida. We have
previously shown that acquisition of pMPPla107 by P. stutzeri 28a84 leads to dramatic
fitness costs when measured by growth rate and by competitive fitness assay and have
demonstrated that growth in the presence of nalidixic acid increases this fitness cost
(12, 13). We therefore carried out competitive fitness assays of differentially marked P.
putida strains in order to test whether megaplasmid acquisition also affected competi-
tive growth in this strain background. As one can see in Fig. 4A, there is no measurable
difference in competitive fitness between the lacZ* background (KT2442) and the
wild-type background (KT2440) (t test compared to value of 1, P=0.14). However, in
media without any antibiotic supplementation, megaplasmid acquisition leads to an
~10% loss in competitive fitness over one growth cycle (Fig. 4A), and this difference is
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FIG 4 Contrasting effects of acquisition of megaplasmid pMPPIa107 in P. putida across different environments
as measured by competitive fitness assays. Competitive fitness assays in liquid KB medium were carried out
between strain DBL305 (P. putida KT2440) and lacZ" strains that either lack (DBL1604) or contain (DBL1620)
megaplasmid pMPPla107. At least two competitive fitness assays were carried out for each pairing with 4
replicates per assay in all but one case (one assay at 40 wg/ml nalidixic acid had only 3 replicates). Individual
data points are shown for all assays, with box hinges corresponding to first and third quartiles and means
plotted as horizontal lines in the center of the boxes. Asterisks indicate statistical significance by t test:
ns=>0.05 * = <0.05 ** = <0.01, *** = <0.001, **** = <0.0001. (A) Although there is no measurable
difference in competitive fitness due to the lacZ* marker (assays between DBL305 and DBL1604), the presence
of the megaplasmid leads to an ~10% fitness cost during growth in KB medium (F, 5o = 600.3, P <0.0001). (B
and C) Although the ~10% fitness cost of the megaplasmid is again apparent during competition between
DBL305 and DBL1620 in unsupplemented KB medium, strain 1620 (containing megaplasmid pMPPla107)
displays increasingly higher relative fitness than strain DBL305 when medium is supplemented with nalidixic
acid at either 20 or 40 ug/ml (F,,, = 264.82, P <0.0001; all comparisons significant at P <0.05 by Tukey’s HSD)
(B) or with ciprofloxacin at 0.5ug/ml (F,,; = 178.89 P<0.0001) (C). (D) The fitness cost of megaplasmid
carriage greatly increases, to >50%, when competitions are carried out at higher temperatures of 37°C (F, ;5 =
319.38, P < 0.0001).

significantly different from the control comparison (F, ,, = 600.3, P < 0.0001). Therefore,
increased nalidixic acid resistance as seen in the assays above occurs even though mega-
plasmid acquisition significantly lowers strain growth rates in the absence of antibiotics.
Supplementation with either nalidixic acid or ciprofloxacin shifts the results of
competitive fitness assays in P. putida. Since megaplasmid acquisition by P. putida
appears to increase nalidixic acid resistance according to Kirby-Bauer diffusion assays,
we tested whether supplementation of media with nalidixic acid could shift the out-
comes of competitive fitness assays between the wild type and a megaplasmid-con-
taining strain. In the absence of any antibiotic supplementation, we are able to inde-
pendently recapitulate the fitness costs of megaplasmid acquisition reported above
and again find a significant cost of megaplasmid acquisition when measured by com-
petitive fitness (Fig. 4B). However, fitness relationships between strain pairs that lack or
contain the megaplasmid shift when nalidixic acid is supplemented into media (F,,; =
264.82, P < 0.0001). At 20 ug/ml, an ~10% fitness cost of the megaplasmid changes to
a slight benefit for carriage of the plasmid. Moreover, we see increasing fitness accord-
ing to these competitive assays for the megaplasmid strain at even higher levels of
nalidixic acid (40 ug/ml), although the exact magnitude of this effect appears to be
quite variable (Fig. 4B). Competitive fitness measurements are significantly different
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between each concentration of antibiotics (Tukey’s honestly significant difference
[HSD], P < 0.05). Therefore, megaplasmid acquisition by P. putida significantly increases
resistance to nalidixic acid as measured by Kirby-Bauer diffusion assays as well as com-
petitive fitness assays. Despite somewhat confounding results from disc diffusion
assays from these same strains with ciprofloxacin, but consistent with the results of com-
petitive assays supplemented with nalidixic acid, we also find that acquisition of megaplas-
mid pMPPIa107 by P. putida increases the competitive ability of this strain background in
the presence of 0.5 ug/ml ciprofloxacin (Fig. 4C) (F, ;s = 178.89, P < 0.0001).

Megaplasmid-dependent resistance to nalidixic acid in P. putida is not positively
correlated with temperature sensitivity. Acquisition of megaplasmid pMPPla107 by P.
stutzeri also renders this strain more sensitive to relatively higher temperatures (35 to
37°C [12]). To test for this effect in P. putida, we carried out competitive fitness assays
as described above at both 27 and 37°C. Much like our previous results in P. stutzeri,
the cost of megaplasmid acquisition in P. putida is greater when strains undergo com-
petitive fitness assays at 37°C compared to 27°C (F, ;s = 319.38, P < 0.0001).

DISCUSSION

There is a growing interest in predicting the evolutionary dynamics within microbial
populations, as a means to drive evolution within populations and communities to-
ward beneficial outcomes as well as a way to control or limit change within extant
populations (18). Horizontal gene transfer (HGT) is well recognized as a powerful driver
of evolutionary dynamics within microbial communities (1-3) and, as such, should be
incorporated into scenarios for predicting future evolutionary dynamics. Plasmid con-
jugation and acquisition are a major contributor to HGT in bacterial populations and
communities, and plasmids are well known to provide large-scale evolutionary benefits
like enabling antibiotic resistance (2, 3, 19). However, plasmid carriage can also entail a
variety of fitness costs, which can be manifest as lowered fitness or other phenotypic
changes for plasmid-bearing strains, in specific environments (4-6). The presence of
costs associated with plasmid carriage has led to speculation about the conditions that
enable plasmid maintenance within populations through time, with one likely scenario
being that costs associated with plasmid carriage are ameliorated over time through
subsequent and potentially rapid compensatory adaptation (20, 21). Although not all
HGT events entail fitness costs, rapid amelioration of fitness costs associated with plas-
mid acquisition could lead to genetic and phenotypic tradeoffs that fundamentally
shift future evolutionary trajectories for the affected populations. As such, and with a
lofty goal of ultimately being able to predict evolution across bacterial populations, it is
therefore critical to understand how costs of plasmid carriage are affected by genetic,
genomic, and environmental contexts.

Here, we demonstrate that the direction of one previously observed phenotype
associated with acquisition of megaplasmid pMPPIla107, sensitivity to nalidixic acid in
Pseudomonas (13), depends upon the interactions between this megaplasmid and the
genomic background of the strain of interest. Across almost all surveyed strains, acqui-
sition of pMPPla107 sensitizes cells to nalidixic acid, but in P. putida KT2440 this same
horizontal transfer event increases resistance to this antibiotic. These contrasting phe-
notypic effects occur in the absence of identifiable megaplasmid genes which could
be hypothesized to influence antibiotic sensitivity and resistance. Thus, this is not sim-
ply a scenario where a common antibiotic resistance gene found on the megaplasmid
is active in one background compared to the others, but rather a situation where the
phenotypic effects of genes present on a megaplasmid are polar opposites under cer-
tain environments in ways that depend on the chromosomal background. Also impor-
tant, these same phenotypic benefits are seen when megaplasmid* and megaplasmid~
strains of P. putida are competed together in fitness assays. We also demonstrate that
these same competitive fitness effects can be seen when megaplasmid* and mega-
plasmid~ strains of P. putida are competed in the presence of ciprofloxacin, an antibiotic
which has the same mechanism of action as nalidixic acid. These results suggest that the
mechanism underlying changes in sensitivity to nalidixic acid and/or ciprofloxacin could
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be due to alterations in the activity or amounts of gyrase and topoisomerase activity
within P. putida cells after acquisition of an additional 1 Mb of DNA.

Although we did not see a clear and similar benefit to megaplasmid acquisition by
P. putida using disc assays for ciprofloxacin, it is possible that discrepancies could arise
because of differences in the concentration of ciprofloxacin across the two types of
assay. In disc assays, ciprofloxacin diffuses out into the plate from a disc seeded with
5 ng/ml of this antibiotic, whereas competitive fitness assays took place at 0.5-ug/ml
concentrations. We also observed that there was a sharp gradient at ciprofloxacin con-
centrations in competitive fitness assays whereby above 0.5 ug/ml all strains were
inhibited in growth (data not shown). It is possible that there is a small window to dial
in the benefits of megaplasmid pMPPla107 across concentrations of ciprofloxacin and
that the concentrations in the disc assay do not enable the resolution to pick apart
clear differences in strains. It is also possible that the benefits of acquisition of
pMPPIa107 for ciprofloxacin resistance by P. putida are subtly dependent on the pre-
cise type of assay and potentially on the exact strain background being assayed. For
instance, only one of the two strain pairings used for P. putida (DBL305 and DBL759)
was significantly different in the ciprofloxacin disc assays and it is possible that second-
ary mutations that occurred during construction of these strains are responsible for
this result. Ultimately, and regardless of confounding results between multiple types of
assays for ciprofloxacin, the consistency of the nalidixic acid results across assays and
support from competitive fitness assays clearly demonstrate that the phenotypic con-
sequences of acquisition of pMPPIa107 by P. putida are fundamentally different than
those in P. stutzeri.

Quinolone antibiotics have been used as a means of curing a variety of plasmids
from many different bacterial strains, given that they inhibit the functions of topoisom-
erase |V as well as gyrase (22), which implies that plasmid-driven sensitivity to quino-
lones could be a widespread phenomenon (23). These previously reported effects are
thought to be mediated by stress at the level of gyrase and topoisomerase function
and should therefore likely be affected by either nalidixic acid or ciprofloxacin (23). At
present, there are no clear mechanistic explanations for differing phenotypic responses
of Pseudomonas strains to acquisition of pMPPla107, and any potential scenario must
involve interactions between genes on both the chromosome and megaplasmid with
one outcome of this interaction being differential sensitivity to nalidixic acid. While
annotations of pMPPla107 do not point to any genes directly implicated in nalidixic
acid resistance (14), this megaplasmid does contain two genes that together are anno-
tated as parC and parE (locus tags PLA107_031430 and PLA107_031415 encoding to-
poisomerase IV subunits A and B, respectively). Interestingly, blastp comparisons of all
complete Pseudomonas genomes through Pseudomonas.com (24) suggest that the
megaplasmid parC is closely related to chromosomal orthologs from P. putida (~75%
amino acid similarity) while parE is closely related to chromosomal orthologs in P. stut-
zeri (~82% amino acid similarity). Moreover, quinolones are known to bind to topo-
isomerase subunit A to disrupt its activity, with resistance mutations often occurring in
this subunit across different bacteria (22). It is certainly possible that negative and posi-
tive interactions between megaplasmid-encoded topoisomerase IV subunits and their
chromosomal orthologs in each strain background could mediate the differences
reported here in response to quinolone antibiotics, and this will be a focus of future
studies.

Gene annotations also suggest that the megaplasmid contains multiple efflux
pumps. While the substrates for these pumps are currently unknown, it is plausible
that one could specifically transport quinolone antibiotics outside the cell in P. putida.
Indeed, there is precedence for efflux pumps in Pseudomonas aeruginosa and other
bacteria to differentially transport quinolone antibiotics (25, 26). Following this line of
thought, it would then be possible that either the particular regulation or activity of this
pump differs based on chromosomal background. There may also be a mechanism to
differentially detoxify nalidixic acid and ciprofloxacin that resides on the chromosome
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(whether through efflux pumps or other means) but the activity of which is differentially
affected by megaplasmid-encoded pathways. Perhaps there is a global regulator which
is similarly affected by megaplasmid presence but where the downstream phenotypic
effects differ across strain backgrounds. For example, megaplasmid presence could uni-
formly lead to upregulation of AmrZ across pseudomonads, but upregulation of AmrZ
may trigger opposing phenotypic effects in the context of quinolone resistance in differ-
ent strain backgrounds (27). It is also possible that phenotypic outcomes of increased
sensitivity and resistance to quinolone in the presence of pMPPla107 are due to mecha-
nistically different effects. Under this case, the default condition might be that plasmid
acquisition causes cells to become more sensitive to certain antibiotics but that in some
backgrounds (in this case, P. putida) there is an additional pathway or efflux pump that is
differentially affected by megaplasmid presence and which enables cells to overcome
sensitization found in other Pseudomonas species.

As we have demonstrated previously in P. stutzeri, we show that acquisition of meg-
aplasmid pMPPIla107 is associated with a large (~10%) fitness cost in P. putida under
conditions without antibiotic supplementation. Therefore, differing responses to nalidixic
acid cannot simply be explained as a secondary consequence of overall growth defects
due to acquisition of pMPPla107, and there must be some other inherent systems-level
effect that creates opposing phenotypic responses across strain backgrounds upon acqui-
sition of this megaplasmid. We further demonstrate that acquisition of pMPPIa107 by P.
putida also increases sensitivity of this strain background to relatively higher temperatures.
These contrasting results of megaplasmid acquisition on fitness across multiple environ-
ments in P. putida suggest that the multiple previously observed fitness costs associated
with megaplasmid pMPPIla107 (sensitization to antibiotics and higher temperatures) have
independent underlying mechanistic bases, at least in P. putida.

Specific evolutionary responses to selective pressures are driven by the availability
of adaptive mutations within the context of an adaptive landscape (28). Costs associ-
ated with plasmid acquisition can rapidly be ameliorated by new mutations that occur
either on the plasmid or throughout the rest of the genome, with the speed of com-
pensation correlated with selection pressures acting on the plasmid-bearing popula-
tion (20, 21). Extrapolation from work focused on the molecular and theoretical basis
of adaptation predicts that the target size or number of potential compensatory muta-
tions should increase with the cost of plasmid carriage (29). Given that results pre-
sented here as well as those reported in other recent papers strongly suggest that
costs of plasmid carriage change depending on the environment (30), it is therefore
likely that both the speed and molecular basis of amelioration of plasmid costs will
greatly differ across environments. Likewise, since the costs and phenotypic conse-
quences of plasmid carriage differ dramatically across genomic backgrounds, there will
likely be substantial variation in both the evolutionary paths and molecular basis of
compensatory mutations for the exact same plasmid within different strains. The pheno-
typic effects reported here suggest that plasmids could be differentially maintained or
lost across bacterial populations in ways that depend on genotype by environmental
interactions rather than simply based on the presence or absence of beneficial genes.
Results presented here therefore also strongly bear on our understanding and predicting
the evolutionary forces that enable plasmid sharing across microbial communities.

The phenomenon reported here suggests that plasmid acquisition could funda-
mentally change evolutionary dynamics of antibiotic resistance in a strain-dependent
way. For instance, there will likely be a different suite of resistance mutations available
toward nalidixic acid in P. putida KT2440 depending on whether this genomic back-
ground contains pMPPIla107 or not. This is very much in the vein of sign epistasis when
discussing phenotypic effects of de novo mutation and evolutionary pathways of adap-
tation (9, 10, 31, 32). It is also currently unknown how phenotypic effects of particular
resistance mutations are altered in the presence of this megaplasmid, but we note that
the values evaluated here (20 to 40 wg/ml for nalidixic acid and 0.5 wg/ml for ciproflox-
acin) are relatively close to relevant MICs of hospital isolates of P. putida (33). Given
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TABLE 1 Strains used in this study

mSphere

Strain no. Strain description Citation
DAB282 Rif" (50 wg/ml) isolate of P. stutzeri strain JM300 This paper
DAB462 Rif" (50 wg/ml) isolate of P. syringae pv. lachrymans 8003 12
DAB837 DAB462 containing Tn7 transposon providing kanamycin resistance 12
DAB885 Rif" (50 wg/ml) isolate of P. syringae pv. lachrymans 107 containing Tet'-tagged version of megaplasmid pMPPla107 12
DAB895 DAB837 containing Tet'-tagged version of megaplasmid pMPPla107 12

DBL163 P. fluorescens strain Pf0-1 acquired from Jeff Chang 38
DBL187 DAB282 containing a megaplasmid from DAB885 This paper
DBL305 P. putida KT2440 acquired from ATCC, strain ATCC 47054 17
DBL332 Rif" (50 wg/ml) isolate of P. stutzeri strain 28a24 12
DBL386 DBL332 containing Tn7 transposon providing kanamycin resistance 12
DBL408 DBL386 containing the megaplasmid from DAB885 12
DBL453 DBL332 containing an unmarked version of megaplasmid pMPPla107 12
DBL494 Nalidixic acid (100 .g/ml)- and gentamicin (10 xg/ml)-resistant isolate of P. stutzeri 28a24, with a mariner 39

transposon insertion in megaplasmid pMPPla107

DBL717 DBL453 containing a Tn5-tagged version of megaplasmid pMPPla107 This paper
DBL740 Rif* isolate of P. syringae pv. lachrymans 107 containing Tet'-tagged version of megaplasmid pMPPla107 This paper
DBL759 DBL305 containing the megaplasmid from DBL717 This paper
DBL877 DBL163 containing the megaplasmid from DBL494 This paper
DBL880 Rif" (50 wg/ml) isolate of P. stutzeri strain 28269 This paper
DBL883 Rif" (50 wg/ml) isolate of P. stutzeri strain 28a72 This paper
DBL885 Rif" (50 wg/ml) isolate of P. stutzeri strain 28a63 This paper
DBL907 DBL880 containing megaplasmid from DBL740 This paper
DBL910 DBL883 containing megaplasmid from DBL740 This paper
DBL912 DBL885 containing megaplasmid from DBL740 This paper
DBL1604 P. putida KT2442 LacZ™ isolate acquired from V. di Lorenzo 40
DBL1620 DBL1604 containing the megaplasmid from DBL1715 This paper
DBL1715 DBL332 containing a second Tn5-tagged version of megaplasmid pMPPla107 This paper

that there will likely be tradeoffs in gyrase activity with mutations toward quinolone re-
sistance, one could envision scenarios where acquisition of this megaplasmid simply
adds to the level of resistance to nalidixic acid, has no phenotypic effect in a back-
ground that already contains nalidixic acid resistance mutations, or even sensitizes
cells to nalidixic acid. For example, if a mutation arises in P. putida KT2440 that pro-
vides resistance to nalidixic acid at 100 wg/ml, it is possible that further acquisition of
pMPPIa107 may either provide no benefit (MIC + pMPPIa107 =100 wg/ml), provides
an additive increase to resistance (MIC + pMPPla107 > 100 wg/ml), or sensitizes this
strain (MIC + pMPPla107 < 100 wg/ml). Future experiments will be necessary to differ-
entiate between these possibilities.

In conclusion, we report here that acquisition of megaplasmid pMPPla107 leads to
opposing phenotypic effects of strains in the presence of nalidixic acid but not cipro-
floxacin. In most Pseudomonas strains evaluated here (which represent a relatively
diverse slice from the broader Pseudomonas phylogeny [34]), there is a cost to acquisi-
tion of pMPPIa107 in that cells containing this megaplasmid are sensitized to this anti-
biotic. However, at least in P. putida, acquisition of pMPPla107 increases resistance to
nalidixic acid in the absence of identifiable genes involved in antimicrobial resistance.
We highlight that these results of HGT are analogous to the phenomenon of sign epis-
tasis when discussing phenotypic effects of de novo mutations within a genome.
Therefore, as with sign epistasis, it is likely that some HGT events will lead to funda-
mental shifts in the adaptive landscape in ways that depend on both the genomic
background and the environment. Depending on how widespread such results are,
context dependence of phenotypic effects will potentially increase uncertainty in mod-
els and predictions for the evolutionary dynamics of microbial adaptation after hori-
zontal gene transfer events as well as antimicrobial resistance.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All strains used in this study are listed in Table 1. We note
that one of the main P. stutzeri strains for previous megaplasmid papers from our group is originally
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named 28a24 (35), but that in some previous papers from our group we have incorrectly referenced this
as strain 23a24 (12, 13). We also note that DBL332 and DBL386 are actually derived from two independ-
ent rifampin-resistant mutants selected from strain 28a24 and frozen independently as two different
stocks.

Strain propagation of all cultures largely took place at 27°C in King’s B (KB) medium supplemented
with rifampin unless otherwise specified. Antibiotics were supplemented into media at the following
concentrations when appropriate and unless otherwise specified: 50 ug/ml rifampin, 10 wg/ml tetracy-
cline, and 20 ug/ml kanamycin. 5-Bromo-4-chloro-3-indolyl-3-p-galactopyranoside (X-Gal) was supple-
mented at 40 ug/ml. For competition assays, cultures were supplemented with nalidixic acid at 20 ug/
ml and 40 ug/ml and with ciprofloxacin at 0.5 ug/ml. Antibiotic discs used in the diffusion assays con-
tained antibiotics at concentrations of 30 ug/ml for nalidixic acid and 5 wg/ml for ciprofloxacin.

Kirby-Bauer disc diffusion assays. Strains of interest for each assay were streaked from frozen
stocks and incubated on KB media at 27°C for 2 to 3 days. At this point, a small clump of cells was picked
to liquid KB medium and grown for 24 h at 27°C with shaking. Cells from each culture were then pelleted
in a centrifuge, the supernatant was poured out, and pelleted cells were resuspended in 10 mM MgCl,
for measurement of optical density at 600 nm (ODy,,). Each culture was then diluted to 0.01 ODy, in 10
mM MgCl,, and 300 ul of each culture was added to 3ml of 0.4% water agar (which was previously
melted and allowed to cool until warm to the touch). This bacterium-agar mixture was then poured
onto a plain KB agar plate (1.5% agar) and allowed to solidify. Lastly, a disc containing the antibiotic of
interest was added to the center of the plate, and each was placed face up in an incubator at 27°C. Pairs
of megaplasmid™/~ strains were always evaluated together within the same assay block.

After 3days of growth, each plate was taken out of the incubator and scanned. This image was
imported into ImageJ (36), and the area of the inhibition zone was measured. An average area was cal-
culated for the megaplasmid ™~ strain within each assay, and individual data points for each pair of mega-
plasmid* and megaplasmid™ strains in each assay were divided by this value in order to normalize the
data. Therefore, the average inhibition zone for each megaplasmid™ strain within each assay was nor-
malized to a value of 1. Each strain pairing was tested in at least (but usually more than) two independ-
ent assays.

Competitive fitness assays. In each assay, lacZ* strains (either DBL1604 or DBL1620, megaplasmid ™~
and megaplasmid™* derivatives of strain KT2442, respectively) were competed against the common lacZ-
minus strain DBL305 (strain KT2440). Strains of interest for each assay were streaked from frozen stocks
for 2 to 3days (on medium containing kanamycin for megaplasmid* strains), at which point a small
clump of cells was picked to liquid KB medium and grown for 24 h at 27°C with shaking. Cells from each
culture were then pelleted in a centrifuge, the supernatant was poured out, and pelleted cells were
resuspended in 10 mM MgCl, for measurement of ODy,,. Each culture was then diluted to 1.0 ODy,, in
10 mM MgCl,.

A 10-ml master culture was prepared for each set of comparative fitness assays and for each different
treatment. To prepare this master culture, 5 ul of each 1.0 ODy,, dilution of the two comparison strains
within each assay was added to the 10-ml master culture. At this point, 2-ml samples of this master cul-
ture were added to 4 different test tubes, and the test tubes were placed in a shaking incubator and
grown for 24 h at 27°C. For day 0 measurements, the master mix culture from the control (no antibiotic
supplementation) competitions was diluted 1:100 by adding 10 ul into 990 ul 10 mM MgCl,, which was
followed by an additional 1:10 dilution. Three replicate dilution series were made from each master mix
culture, and 150 ul of each 1:100/1:1,000 dilution was plated on LB medium containing 40 ng/ml X-Gal
and placed at 27°C. After 24 h of growth, each of the 4 replicate cultures was diluted 1:10,000,000 and
1:100,000,000, with 150 ul of these dilutions plated on LB medium containing 40 ug/ml X-Gal and
placed at 27°C.

White and blue colonies were independently counted for each of the plated day 0 dilutions, these 3
values were averaged together, and the log,, value of this average was taken as the day 0 CFU count.
White and blue colonies were independently counted for each of the day 1 replicate cultures and log,,
transformed. Relative fitness was calculated as the ratio of the difference between log,,-transformed
white and blue colony counts for each replicate culture at day 1 over the difference of the log,,-trans-
formed average white and blue colony counts at day 0. Depending on the assay, either two or three
assays were carried out with each pair of strains (DBL305/DBL1604 and DBL305/DBL1620), with four rep-
licate cultures per assay.

All competitive fitness assays were carried out in the same manner as described above, with one
exception. Since cultures grew more slowly in the presence of 40 ug/ml nalidixic acid, cultures from the
nalidixic acid competitions as well as the control competitions were allowed to grow in liquid media at
27°C for 48 h.

Statistical methods. All statistical tests were performed in R version 3.3.0 (37).

Data availability. Scripts for recreating all figures and statistical tests using R, as well as all underly-
ing data for these scripts, can be found at https://doi.org/10.5281/zenod0.4409341. Additionally, Fig. S1
can be found at https://doi.org/10.6084/m9.figshare.10257704.v2.
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