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Abstract

It is generally assumed that antibiotics can promote horizontal gene transfer (HGT). However,
because of a variety of confounding factors that complicate the interpretation of previous studies,
the mechanisms by which antibiotics modulate HGT remain poorly understood. In particular, it is
unclear whether antibiotics directly regulate the efficiency of HGT, serve as a selection force to
modulate population dynamics after HGT has occurred, or both. Here, we address this question by
quantifying conjugation dynamics in the presence and absence of antibiotic-mediated selection.
Surprisingly, we find that sub-lethal concentrations of antibiotics from the most widely used
classes do not significantly increase the conjugation efficiency. Instead, our modeling and
experimental results demonstrate that conjugation dynamics are dictated by antibiotic-mediated
selection, which can both promote and suppress conjugation dynamics. Our findings suggest that
the contribution of antibiotics to the promotion of HGT may have been overestimated. These
findings have implications for designing effective antibiotic treatment protocols and for assessing
the risks of antibiotic use.

Horizontal gene transfer (HGT) is a main contributor to the spread of antibiotic resistance
genes!=3. Conversely, it has been generally assumed that antibiotics promote HGT4®. One of
the most common mechanisms for HGT, particularly for the transfer of plasmids such as
those carrying antibiotic resistance, is conjugation?6:7. There are two broad ways in which
antibiotics can promote HGT via conjugation. First, when dosed at sub-lethal
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concentrations, antibiotics can increase the conjugation rate by either activating the excision
of transferrable genes from the host chromosome, inducing expression of conjugation
machinery, or both8-12, Second, it has been speculated, but not proven, that antibiotics can
cause global cellular responses, such as changes in cell wall composition or up-regulation in
key survival genes!314, that can indirectly increase the conjugation ratel>-17,

Overall conjugation dynamics are determined by two components (Fig. 1a): the rate at which
conjugation occurs (the conjugation efficiency), and the subsequent growth of
transconjugants. An antibiotic can affect the overall conjugation dynamics by modulating
the conjugation efficiency, serving as a selection force that acts on the population dynamics
after conjugation, or both (Fig. 1b and c). In past studies, quantification of the effects of
antibiotics on conjugation efficiency has been confounded by a lack of decoupling between
these two components'8-20. As a result, there are conflicting reports on whether or not
antibiotics promote conjugation?l, Typically, /n vitro conjugation experiments have been
performed in the presence of an antibiotic, followed by a period of growth, before
quantification of transconjugantsi6-22, The conclusion that antibiotics promote conjugation
has then been based on the observed increase in transconjugants in the presence of an
antibiotic as compared to the control without treatment23. Unfortunately, this experimental
design cannot distinguish between antibiotic effects on conjugation efficiency versus
selection dynamics, nor does it show how these effects might depend on the antibiotic
concentration. /n vivo and case studies have also suggested a link between conjugation-
mediated transfer of resistance and antibiotic treatment, possibly as a result of antibiotic
selection providing a favorable environment to enable transfer24-26. As with in vitro
experiments, however, this speculation remains to be definitively proved due to experimental
complexities.

To determine how antibiotics affect various aspects of conjugation dynamics, it is critical to
(1) decouple antibiotic-mediated induction of conjugation machinery from the global effect
an antibiotic might have on the conjugation efficiency, and to (2) decouple the conjugation
event from the ensuing growth dynamics. To this end, we used an engineered conjugation
system?” derived from the F plasmid (Fig. 2a), wherein the conjugation machinery is
constitutively expressed?8:29, In this system, each donor cell (G*) carries two plasmids: an F
helper plasmid (FyR) and a mobilization plasmid. Fyr expresses the conjugation machinery
and can mobilize any plasmid containing the or/ 7 sequence, but is not self-transmissible.
Thus, while the system is synthetic, the conjugation machinery on the F plasmid is non-
engineered. The mobilization plasmid, which is transmissible by the helper plasmid, carries
the oriT sequence, a gfp gene under control of a P 5.z promoter, and a kanamycin (Kan)
resistance gene (kan)30:31, Each recipient cell (R7) carries the Fyr plasmid and a non-
mobilizable plasmid; the non-mobilizable plasmid contains an mCherry gene under control
of a Pyet promoter32:33 and a chloramphenicol (Cm) resistance gene (¢7%). When mixed, G*
can transfer a copy of its mobilization plasmid to R™, generating a transconjugant (Y), which
expresses both GFP and mCherry (Video S1, control without ori7 Video S2). For a complete
list of plasmids and strains see Table S1. This system enables us to quantify conjugation
dynamics by selective plating or fluorescence microscopy.
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We first quantified the conjugation efficiency in the absence of antibiotic-mediated selection.
In brief, we mixed high densities of R~ and G* in an equal ratio (~5%108 cells/mL of each)
with varying concentrations of an antibiotic. We then incubated the mixture at room
temperature (25°C) for 1 hour in M9 minimal medium before measuring the densities of R™,
G*, and Y cells by selective plating. 25°C was used to ensure negligible growth over the
incubation period. The R™ and G* densities did not change significantly after mixing and
incubation in the absence of an antibiotic (Fig. S1a, P>0.8, two-tailed t-test), indicating lack
of growth by either population. These densities also did not change when cells were
incubated with high concentrations of a range of different antibiotics (Fig. S1b, P>0.2, two-
tailed t-test), indicating negligible cell death. Taken together, these measurements indicate
that there was negligible antibiotic-mediated selection under these experimental conditions.
For all conditions, a small population of transconjugants emerged, which had a negligible
effect on either parental population density, as indicated by their approximately constant
population sizes (Fig. S1). We took this population to be the number of transconjugants
produced directly via conjugation (i.e., in the absence of selection dynamics).

Using the protocol above, we measured the effects of 10 different antibiotics, namely Kan,
Cm, gentamicin (Gen), streptomycin (Str), spectinomycin (Spc), penicillin-G (PC-G),
carbenicillin (Carb), ceftriaxone (Ctx), erythromycin (Eryc), and norfloxacin (Nor). These
cover six major classes, including aminoglycosides, p-lactams, cephalosporins, macrolides,
amphenicols, and quinolones (Table S2). For each antibiotic, we defined a rate constant for

Y
conjugation, or the conjugation efficiency, as e~ RaGAD here, R, G, and Y are the colony
forming units (CFU) counts of recipients, donors, and transconjugants, respectively (we
remove the transfer signs + for generality in the equation), and Atis the time of incubation (1

hour). This metric avoids the potential bias in quantification that arises when only one parent

is considered (i.e., % or 2)20'34. When dosed up to 2xICsq values (Fig. S2), none of the
antibiotic statistically increased the conjugation efficiency (Fig. 2b, Table S3a, P>0.15, one-
tailed t-test). If an antibiotic did increase the efficiency, the effect was smaller than the error
associated with our experimental measurements (mean < 27%).

Although there was no effect of antibiotic on conjugation efficiency, basal conjugation
efficiency did exhibit substantial day-to-day variations (up to 13-fold, Fig. S3a). Past studies
have also noted such variability when reporting conjugation efficiencies!6:34, This variability
was likely due to differences in the physiological states of the two parental populations.
These variations could result in differences in the expression of conjugation machinery3>,
which is greater in exponential phase than in stationary phase (Fig. S3b). Indeed, the
conjugation efficiency increased drastically (~300-fold) when donor cells were harvested
from exponential phase (Fig. 2c, left panel). However, the conjugation efficiency decreased
(~8-fold) when recipients were harvested during exponential phase (Fig. 2c, left panel),
suggesting a state-specific role for parental populations during conjugation36:37, Since the
conjugation efficiency was also significantly increased when both parents were harvested
from exponential phase (~280-fold), this suggests the increased metabolic activity of donors
can compensate for the decreased receptivity of recipients.
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We reasoned that donor recognition of the recipient, which requires an efficient searching
mechanism of the pilus tip in liquid culture, is more effective when the recipient is in
stationary phase, either due to decreased motility or modifications in cell wall
composition38:39, As both F-tip searching and DNA transfer require energy4%41, we
hypothesized that energy availability would also impact conjugation efficiency. Consistent
with this notion, we found that increasing the glucose concentration in the medium
significantly increased conjugation efficiency (~7-fold, Fig. 2c, right panel, P<0.01, left-
sided one-tailed t-test). Importantly, regardless of the starting condition, the effects of
antibiotics on the conjugation efficiency in the absence of growth remained negligible (low
and high antibiotic concentration, Fig. S3c).

To test the generality of the result in Fig. 2b, we measured conjugation efficiency for five
additional native self-transmissible conjugative systems, including the native F plasmid,
RP4, R388, R6K, and pESBL28342 (Fig. 2d i-v, Fig. S3d) with five antibiotics: Eryc, Carb,
Cm, Str, and Nor. These systems cover five different incompatibility groups, namely, IncF,
IncP, IncW, IncX, and Incl. We also measured the conjugation efficiency for four clinical
isolate donors expressing extended spectrum p-lactamases (ESBL); genes encoding ESBLs
are often spread by conjugation®? (Fig. 2d vi-ix, Fig. S3e). Finally, we tested inter-species
conjugation using Fyr-bearing £. coli donor R* cells with two ESBL clinical isolates of
Klebsiella pneumoniae as recipients (Fig. S3f). For all conditions tested, we found that
antibiotics did not significantly increase the conjugation efficiency (P>0.15, one-tailed t-test,
see Tables S1 and S3b for list of donors and recipients as well as experimental conditions).

If antibiotics do not affect the conjugation efficiency, their effects on emergence of
transconjugants can be manifested through selection dynamics on the donor (g), recipient
(7, and transconjugant ())) populations. To describe these dynamics, we constructed a kinetic
model consisting of three nondimensionalized ordinary differential equations (ODE)
(Supplementary Information, Eq. S4-6). Assuming that y<< g.

dg
=Heg(l—r—g—y)

dr

gr=krr(l—r—g—y)— n.rg )

d

y ’
E=y(1 —r—g—y)+tn.rg 3

Briefly, we assume logistic growth for all three populations, where j1-and p, are the

dimensionless growth rates of rand g respectively, and n/c is the dimensionless conjugation
efficiency. Depending on how the antibiotic concentration, &, affects the growth of the
parental populations, the model reveals four qualitatively different dynamics for the fraction
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Y
of transconjugants, fy:r+g+y (Fig. 3b). Modulation of transconjugants can be due to two

factors: the contribution through the conjugation term (n'crg), and whether the
transconjugants are at a selective advantage over the parental strains (i.e., if i, + pg<p,=
1).

When the transconjugants are at a selective disadvantage, {i,+ pg> 1, (Fig. 3b, top row,
gray region), the transconjugant population either remains constant (Fig. 3b i, middle row),
decreases (Fig. 3b ii, middle row), or increases then decreases (Fig. 3b iii—iv, middle row),
depending on whether the corresponding contribution through conjugation remains constant,
increases, or decreases (Fig. 3b, middle row; black lines show the contribution through
conjugation).

When transconjugants are at a selective advantage, i.e. p,+ g < W (Fig. 3b iii-iv, blue
region), the transconjugant population either decreases (Fig. 3b iii, middle row) or increases
(Fig. 3b iv, middle row), depending on whether there are sufficient resources for the
transconjugant population to grow (e.g. whether the parents are near the carrying capacity).
Because both parents are sensitive to antibiotic in panel iv, as soon as transconjugants gain a
selective advantage over parent cells, they can overtake the entire population. In panel iii,
although transconjugants are at a selective advantage, the high density of donor cells
suppresses further increase in the transconjugant population at high antibiotic
concentrations. In all four cases, the transconjugant fraction, 7, follows similar dynamics as
the transconjugant population itself (Fig. 3b i-iv, bottom row). Taken together, our model
predicts that antibiotic-mediated selection often reduces the fraction of transconjugants in
the system in contrast to conventional wisdom.

To test model predictions, we developed a microfluidic device (Fig. 3c and S5a, see
Methods) to analyze population dynamics during conjugation. Bacteria form a monolayer in
each growth chamber, which allows quantification of transconjugants by colocalizing pixels
containing both GFP and mCherry#* (Fig. S5). Furthermore, the platform enables precise
control of antibiotic delivery by modulating the flow rate of media. By varying the
combinations of Kan and Cm to obtain the desired selection environments (Fig. 3d, top row),
our experimental results validated overall model predictions in terms of total density () of
each population (1, g, and ) normalized by the carrying capacity in the chamber (Fig. 3d,
middle row), and the fraction of transconjugants () (Fig. 3d, bottom row). In each scenario,
the predicted trends for the fraction of transconjugants were maintained when we switched
the antibiotic or the direction of transfer (Fig. S6a—b). These results confirmed that
promotion of transconjugants by antibiotic-mediated selection occurred only in two
conditions and over a particular antibiotic range (Fig. 3d iii and iv, bottom row). For a
summary of microfluidic experiments, including the strains and concentrations used, see
Table S5.

In nature, conjugation typically occurs in the presence of buffer populations that may also
participate in conjugation. To this end, we tested the effect of a buffer population (denoted B
in experiment and 4 in model), which can receive the mobile plasmid from donor cells and
then pass this to recipient cells, generating transconjugants in the process. According to our
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simplified model (Fig. Séc, Eq. S14-17), we predicted that the buffer population should
maintain a monotonically decreasing transconjugant population. Our full model predicts the
same outcome, as long as the above conditions are met (e.g. the transconjugants never gain
the selective advantage, and the contribute through conjugation monotonically decreases,
Fig. S6¢). Using £. coli MG1655 carrying Fyr as the buffer population, our experimental
results again validated model predictions (Fig. S6d).

As evident in Eq. 3 and Fig. 3b middle row, both rand g contribute critically to y dynamics.
Consistent with this notion, it has been shown that pathogen-driven inflammation in mice
generates blooms of both parents, resulting in high conjugation frequency#®. Indeed, our
modeling and experiments showed an approximate power law correlation between the
transconjugant population ()) and the product of the donor and recipient populations (rg)
(Fig. 4), regardless of the selection environment or the time at which the data was collected
(Fig. S7). This intuitive correlation suggests a strategy to estimate the likelihood of
conjugation, provided the two parental populations can be estimated /n situ.

Discussion

It is well established that conjugation plays a major role in the worldwide spread of
antibiotic resistance. However, the converse statement — that the use of antibiotics promotes
conjugation — is not necessarily true. In general, conjugation must overcome mechanistic,
physiological, and selective barriers to be successful*6:47. Indeed, our results indicate that
the contribution of antibiotic to the promotion of conjugation may be over-estimated for two
reasons. First, antibiotics do not significantly increase the efficiency of conjugation in
systems where the conjugation machinery is constitutively expressed. Second, even
considering selection dynamics, only a small subset of parameters promotes an increase in
the fraction of the transconjugants. This counterintuitive outcome results from the opposing
role of an antibiotic on conjugation. If an antibiotic does not affect either parent, there is no
selection advantage for the transconjugant. If the antibiotic inhibits either or both parents, it
does offer a selection advantage for the transconjugant. However, the antibiotic might still
reduce the frequency of conjugation by reducing the population sizes of either or both
parental populations, potentially negating the effect of positive selection for the
transconjugant.

While antibiotic presence does not significantly increase the efficiency of conjugation per se,
our results show that other factors, particularly the physiological state of cells before
conjugation and energy availability during conjugation, have a drastic impact on the
conjugation efficiency (Fig. 2c). When considering selection dynamics, population structure
plays a dominant role in predicting transconjugant emergence (Fig. 4). Our findings
underscore the importance of quantifying the growth dynamics of microbial populations
(with or without antibiotic treatment), both to gauge the physiological states of cells and to
estimate the effects of antibiotic-mediated selection. This information can also contribute to
assessing the risk associated with the dissemination of resistance. For example, a recent
study demonstrates the feasibility of quantifying both abundances and growth rates of
different microbial populations using sequencing*8. These measurements, when coupled
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with /n vitro estimates of conjugation efficiency, can enable quantitative estimates of the
extent of HGT in diverse natural environments.

Methods

Strains, growth conditions, and plasmid construction

Escherichia coli strain MG1655 carrying the Fyr plasmid (F plasmid with mutated or/7T
sequence, oriT") was used as background strain for all engineered experiments in this
study??. Donor cells (G*) contain mobilization plasmid pUA66T, which carries gfo gene
under the control of P 4.z promoter, or/T for transfer, and Kanamycin (Kan) resistance
(kan®), adapted from previous work3L. Recipients (R™) carry pretmCherry, an immobile
plasmid containing Tetracycline (Tet) inducible mCherry gene, and Chloramphenicol (Cm)
resistance (cm”) (Fig. 2a). Transconjugants () are resistant to both Kan and Cm. For a
complete list of strains and plasmids used in this study, see Table S1. For all experiments,
single clones were grown separately for 16 hours in 3mL Luria-Bertani (LB) broth
(Genessee Scientific, Catalog #11-120) containing appropriate antibiotics (either 50 g g/mL
Kan or 100 p g¢/mL Cm), including 20 p g/mL Tet, with shaking at 250 revolutions per
minute at 37°C. The 75 ESBL clinical isolates were isolated and characterized by the
Durham VA Medical Center; Dr. Chris Wood at Duke University further screened them for
CTX-M ESBL resistance. The library consists of Klebsiella pneumoniae, K. oxytoca,
Citrobacter freundii, Enterobacter clocae, and E. coli strains that have been identified as
ESBL producers.

To create pUAGBT, PCR was used to amplify ori7 from F plasmid isolated from Top10F’,
and cloned into pretmCherry33 using Aatll and Xhol sites (New England Biolabs (NEB),
Ipswich, MA), generating pretmCherryT. The product was sequenced for verification. It was
then excised from preimCherry and introduced into pUA663! using Aatll and Xhol to make
pUAB6T, and transformed into MG1655 with Fyg for the final strain G*. MG1655 with Fyr
and pUAG66 without the transfer sequence was used for the reverse direction experiments,
denoted G~ (Fig. S6b). To create strain R™, pyetmCherry with the ColEL1 replication origin
was used as backbone. The p15A replication origin from p, ,cGFPmut3b3249 was exchanged
for the ColEL1 origin of replication in pretmCherry, and transformed into MG1655 Fyg to
make the final R™ strain using restriction enzyme cloning at the sites BamHI and Spel. oriT
was cloned into pretmCherry with p15A replication origin using Aatll and Xhol sites (NEB)
and transformed into MG1655 Fnr to create R*. This was used for inter-species conjugation
and reverse direction transfer experiments (Fig. S3f and S6b). Cloning was confirmed using
gel electrophoresis. To create RK, cm” from premCherry was exchanged for kan” from
pUAG6T using the restriction sites Aatll and Sacl. All enzymes and buffers used were NEB
products and standard cloning procedures followed. All ligation reactions were performed
using T4 DNA Ligase (NEB). All variants of G and R were transformed into MG1655
carrying Fyg, except for R‘F, which was transformed into MG1655. See Table S1 for a
complete list of strains, plasmids, and descriptions.
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Conjugation in the absence of antibiotic-mediated selection

nC:RGAt:UO x 107cells/mL) x (70 x 107cells/mL) x 1hr

16 hour overnight cultures (3mL LB media with appropriate selecting agents, density
~1x109CFU/mL) were resuspended in M9 medium (M9CA medium broth powder from
Amresco, lot # 2055C146, containing 2mg/mL casamino acid, supplemented with
0.1mg/mL thiamine, 2mM MgSQOy,, 0.1mM CaCls,, and either 0%w/v glucose for
experiments testing glucose concentration or 0.4% for all others). R~ and G* were mixed in
a 1:1 ratio to a final volume of 800 p L. Depending on the conditions being tested, the
appropriate antibiotic and concentration was added to this mixture (Table S3). Mixtures
were incubated at room temperature (25°C) for 1 hour without shaking. For the parents (R~
and G*), serial dilutions of 107 were performed, and four to six replicate measurements were
spread onto plates containing 50 pg/mL Kan (for quantifying G*) and 100 pg/mL Cm (for
quantifying R™) individually. To quantify transconjugants, cells were typically plated at a
dilution of 50-fold onto plates containing both antibiotics (50 and 100 pg/mL of Kan and
Cm, respectively). This dilution gave us countable cells for conjugation efficiencies within
the range of 10714-10715. For conjugation efficiencies that were either higher, or lower, we
adjusted the dilution factor accordingly. For example, conjugation efficiencies as low as
10716 were plated with 10-fold dilutions, while efficiencies approximately 10712 were
quantified with higher fold (e.g. 203). To provide intuition into the conjugation efficiency
estimate, sample numbers are shown below, followed by the calculation for conjugation
efficiency:

Population | Antibiotic on agar in pg/mL | Dilution fold for spreading | #colonies
Y Kan (50) and Cm (100) 50x 50
R™ Cm (100) 107x 70
G* Kan (50) 107x 70

Y (50 x 50cells/mL)

=5.1x107*(cells/mL) 'hr L.

Plates were incubated overnight at 37°C and CFU were counted the following day. All CFU
error bars represent four-six technical replicates due to the clone-to-clone variation (Fig.
S3a), and all experiments were repeated in triplicate to ensure reproducibility. To measure
the extent of growth and death during the mating period, we quantified CFU before and after
the one hour incubation time both in the absence of antibiotic, and exposed to the highest
concentration of each antibiotic used (Fig. S1a and b). The negligible change in CFU before
and after the incubation period in the absence or presence of antibiotic demonstrates that
both growth and death is negligible over this time period. Exponential phase parent
populations were obtained by diluting overnight cultures 10-fold and grown shaking (37°C,
250rpm) for 2 hours prior to harvesting (Fig. 2c). Statistical testing using one-sided left-tail
t-test to detect an increase is shown in Table S3 for all conjugation experiments.

Nat Microbiol. Author manuscript; available in PMC 2016 September 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

Determining the ICgq value

ICsq values were determined using plate-reader measurements of bacterial growth in the
presence of varying antibiotic concentrations (Perkin-Elmer Victor 3/X3). For experiments
using the Fyr conjugation system, G* was used to quantify all dose responses, except for
Kan, where R~ was used instead. Seven logarithmically spaced antibiotic concentrations
were used, and 0 ug/mL antibiotic was included as control. The highest concentration of
each antibiotic was selected to capture the appropriate range of both growth and death.
Specifically, concentrations of 0, 0.95, 0.399, 1.66, 6.9, 28.8, 120, and 500ug/ml were used
for antibiotics Kan, Cm, Carb, Str, Spc, Ctx, and PC-G. Concentrations of 0, 0.019, 0.08,
0.33,1.38, 5.77, 24.01 and 100 pg/ml were used for Nor and Eryc. Lastly, concentrations 0,
0.047, 0.20, 0.83, 3.46, 14.4, 60.03, and 250 ug/ml were used for Gen. A full description of
all antibiotics and corresponding vendors used in this study can be found in Table S2. Three
technical replicates per concentration were used to quantify the growth rate. Growth rates
were quantified by log transforming the growth curves, applying K-means clustering to non-
arbitrarily locate the region of longest exponential growth, curve smoothing using
MATLAB, and fitting the linear portion. Dose response curves were fit to a Hill function
(Eq. 4) to determine the growth rate y, where A is the antibiotic concentration, Umax is the
maximum rate, and nis the Hill coefficient.

= HmaxICE
ICI510+AH 4

For subsequent CFU experiments using G* and R, five antibiotic concentrations including 0
as control were selected to span a range from 2-fold below to 2-fold above the ICgq value
(Fig. 2b, Table S3a). Conjugation efficiency that is not normalized to the group in the
absence of antibiotic is shown in Fig S3a.

We tested various additional plasmids and strains to demonstrate the generality of these
findings. For these experiments, only three concentrations of antibiotics were chosen,
namely 0, the ICsq value, and 2xI1Csq value. Since conjugation of the additional plasmids
occurred between different strains, the 1Csq of the recipient strain was used to choose the
corresponding concentrations, unless the recipient was resistant to the tested antibiotic or the
ICsq was too high such that it caused a decrease in viability. In either of these cases the
donor I1C5q was used instead. The same five antibiotics were tested for each additional
conjugation pair (Cm, Carb, Eryc, Str, and Nor). For all ESBL conjugation experiments,
ICsq values of the recipient, R™F, were used for antibiotic scaling. All relevant ICsq values,
and donor/recipient pairs, can be found in Table S1 and S3b.

Derivation for nc

For the sake of generality, we denote R and G without the transfer sign as the parents, since
the direction of transfer doesn’t influence the quantification of the efficiency. We assume
bimolecular reaction kinetics for R and G generation of Y, and that the reaction occurs with
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N - day .
a rate constant m¢ (conjugation efficiency): EZ%RG- If R and G remain constant over A,
we have:

Y
le=RGAt 5

Screening ESBL library for donor and recipient activity

gRT-PCR

To screen the ESBL-producing library for conjugation activity, we screened each of the 75
ESBL isolates for Carb and Cm resistance by inoculating single clones in 2 mL LB. These
cultures were grown overnight for 16 hours with shaking (250rpm) at 37°C. Note that the
medium contained each antibiotic individually (100ug/mL). Every pathogen was resistant to
Carb, and of the 75 tested, 28 isolates carried resistance to Cm.

To screen for donor activity, the remaining 47 Cm-sensitive isolates were mated individually
with R7F (R~ without Fyg, Table S1) at 10x dilution of overnight culture for 5 hours shaking
(250rpm, 37°C) in 96-well plates. Following mating, 5 UL of the mixture was spread onto
agar containing Cm and Carb at the same concentrations (100pg/mL of each), and grown
overnight at 37°C. Since RF is incapable of acting as donor, any plate exhibiting colonies
after 16 hours indicated a successful conjugation event between a donor ESBL isolate and
R~F recipient. Four of these identified donors were used for further experiments (Fig. 2d vi—
ix and Fig. S3e).

Having verified a subset of the Cm-sensitive ESBL-producing isolates that were incapable of
acting as donors, we classified these as potential recipients. We mated each of the potential
recipients (amp®) with R* (¢m”) by inoculating 10x dilution of overnight culture of each
parent into 96 well plates, and let the plate shake for 5 hours (250rpm, 37°C). Following
this, we spread 5 L onto agar containing Cm and Carb at the same concentrations
(100pg/mL of each), and grown overnight at 37°C. The corresponding ESBL from any pair
that resulted in cells the following day was marked as a recipient. We used two isolates,
namely of the species Klebsiella pneumoniae, as recipients for inter-species conjugation
experiments (Fig. S3f).

A single clone of G* was grown overnight for 16 hours at 37°C. Exponential phase parent
was obtained by diluting overnight G* 10x and grown shaking (250rpm) for 2 hours at 37°C
prior to harvesting. RNA was extracted using the QIAGEN RNAeasy Protect Bacteria mini
kit (QIAGEN, Catalog #74524). On-column DNase digestion using the RNase-Free DNase
set (QIAGEN, Catalog #79254) was performed to remove any DNA present. RNA was then
reverse transcribed into cDNA using the Applied Biosystems high-capacity cDNA Reverse
Transcription kit (ThermoFisher Scientific, Catalog #4368814). gRT-PCR was performed
using Power SYBR® Green Master Mix (ThermoFisher Scientific, Catalog #4367659), and
ffh gene from E. coli chromosome was used as control gene. Data was collected from
replicates of three, and quantified using the standard curve method. Genes targeted were fra/
(forward (FW) 5’-CCGGAAGTGCCGGTAACTAT-3’ and reverse (RV) 5’ -
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AGCCGGGACGATGCTTATTA-3’) and fraD (FW 5’-GCCAGATCGCCAATATCATG-3’
and RV 5’- GCGTTCATGCGGAAGGTTTT-3"). Primers for ff/rwere FW 5’-
TGTGACGAATAGAGAGCGCC-3’ and RV 5’-GGCCAATACGGCAAAAGCAT-3’ (all
primers obtained from IDT Dna). Results were normalized with respect to 7 first, and then
compared for fold change between exponential (Exp) and stationary (Sta) phase cultures
(Fig. S3b). Error bars represent three technical replicates, and gPCR was performed twice on
separate biological samples to ensure reproducibility.

The microfluidic device

The use of a microfluidic device is uniquely suited for antibiotic selection experiments, as
the transconjugants are distinguishable from G* and R™ by expressing both GFP and
mCherry. Trapping chambers from this device capture bacterial populations in a monolayer,
which allows for highly accurate transconjugant quantification (Fig. S5a).

The microfluidic device was fabricated with polydimethylsiloxane (PDMS, Dow Corning
SYLGARD 184, lot #0007724118) based on soft lithography technology®C. Each device
consists of six identical replicate units for different experimental conditions; each unit
consists of a main channel and 24 culturing chambers (Fig. 3c and S5a). The height of each
chamber is ~1.3um, which ensures only a monolayer of bacteria will be captured and
monitored, while the height of the main channel is ~30um. Two different types of SU8
photoresists were used to fabricate a reusable mold for the device. SU8 2002 (MicroChem
Corporation, lot #07020133) was spun at 5000rpm for 30 seconds to obtain the thin layer
(1.3um) on a 3-inch silicone wafer. After being baked at 180°C for 2 hours, the second layer
of SU8 3025 (MicroChem Corporation, lot #11050370) was spun on top of the first layer at
2500rpm for 30 seconds to get the thick layer (30um). Following the protocol from the
photoresist data sheet, the mold was baked at 180°C for 2 hours. This mold was
subsequently used to fabricate individual devices. Specifically, 20g 10:1 (weight ratio) of
mixed PDMS (polymer and crosslinking agent) was poured on top of the mold, degased, and
then baked at 80°C for 30min to ensure complete crosslinking. A biopsy punch with
0.75mm diameter (World Precision Instruments, Inc.) was employed to drill both the inputs
and outputs. After being cleaned with scotch tape (3M Corporation) to remove the PDMS
residue, the PDMS slabs were bonded to 75mm by 25mm #1 cover slips with oxygen plasma
treatment (30 Watts for 30 seconds). To maintain nutrient and antibiotic concentrations
during our experiments, we used programmable syringe pumps (New Era model NE-1600)
to control the media flow rate at 120puL/hour with medium supplemented with varying
antibiotic concentrations.

Image calibration

R~ and G* cells were grown overnight for 16 hours shaking (250rpm) at 37°C. Sub-cultures
of R™ and G were performed for two hours prior to the start of each microfluidic
experiment by inoculating a 10x dilution of the overnight culture in 3mL LB with
appropriate antibiotic selection (100 p g¢/mL Cm for R™, 50 u g/mL Kan with ImM IPTG for
G* (for GFP induction), and 20 u g/mL Tet for both), and grown shaking at 37°C. After 2
hours of sub-culture, each population was concentrated 60-fold for high-density loading.
After the sub-culture, CFU counts of each population were also measured to determine
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relative cell density (Fig. S5b). With this protocol, we found that CFU values for R™, G*,
and Y to be within standard deviations of one another. Therefore, we used culture volume to
determine pre-defined ratios of the three populations in mixtures. Pre-defined mixtures of
R™, G*, and Y were loaded into individual channels, and 10 chambers were imaged per
channel as technical replicates, where each image contains 1024x1024 pixels. We adapted
the image analysis algorithm from Villalta et al*4, which uses colocalization of red and
green pixels to determine the presence of transconjugants. Each bar shows the average and
the standard deviation of measurements from 10 chamber replicates (Fig. S5c, error bar
indicates standard deviation). Our detection limit was quantified from the calibration data of
a mixture of pure R~ and G* (Fig. S5c¢). In the absence of yellow, the colocalization
algorithm will identify <3% of the pixels as containing both mCherry and GFP. The
detection limit for transconjugants was thus set as anything greater than 500 pixels. All
calibration and time-lapse images were obtained using a DeltaVision Elite imaging system;
experiments used 60x magnification with 80ms exposure time and 5% transmission. The
device was incubated at 37°C for the entirety of the experiment, and images were obtained
using a Coolsnap HQ2 high-resolution CCD camera.

Requirement of oriT for transfer

To demonstrate that conjugation relies on the presence of or77, we first grew R~ and G* in
the chip for four hours before introducing both Kan and Cm to select for the resulting
transconjugants (Fig. 3¢, +oriT Video S1). R™ and G~ (which carries pUAG6, without or/7)
showed no generation of transconjugants under the same conditions, thereby demonstrating
the specificity of ori T for this process (Fig. 3c, —oriT Video S2). Specifically, R* with G*,
and R~ with G~ were mixed and loaded into the chamber. Selecting concentrations of Kan
(50ug/mL) and Cm (100ug/mL) was used for selection. Cells lacking or/7 did not undergo
conjugation, as evidenced by the lack of yellow pixels. This observation was also verified
using CFU counts.

Antibiotic selection in the microfluidic chip

Since the microfluidic experiments used several combinations of R and G variants
depending on the experiment (e.g. RX and G* for Fig. 3d i; the full list of strains for each
experiment can be found in Table S5a), we denote the parents as R and G without the
transfer sign, to simplify the explanation.

R and G were grown overnight for 16 hours shaking (250rpm) at 37°C in LB medium
supplemented with the appropriate antibiotics. Sub-cultures of R and G were performed for
two hours prior to the start of microfluidic experiment by inoculating a 10x dilution of the
overnight culture in 3mL LB and grown shaking at 37°C; G was supplemented with Kan (50
pg/mL), IPTG (1mM), and Tet (20 p g/mL), and R was supplemented with Cm (100 p
g/mL) and Tet (20 p g/mL). After the sub-culture, cells were immediately resuspended in
M9 containing Tet (20 p g/mL) and IPTG (1mM), condensed 40-fold, and mixed in equal
ratio. Prior to loading, the chip was vacuumed for 20 minutes to facilitate chamber entry.
Between 8 to 10 chamber positions were marked for each experiment from every channel,
which corresponds to one antibiotic condition. We quantified the percent of transconjugants
after 12 hours of growth in the microfluidic chambers as the average of all 10 chambers,
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with the appropriate antibiotic concentration administered at the start of each experiment,
and maintained with continuous flow of media throughout the duration of the experiment;
syringe pumps are used for continuous flow at a rate of 120 pL/hr. Those chambers outside
of two standard deviations, which lost focus, or had an air bubble, were removed prior to
processing. All error bars represent standard deviation.

Image processing

Each video was imported into MATLAB and the time series was analyzed. The data from
the 12" hour was collected and analyzed separately. The location of the chamber within the
1024x1024 image was detected using a Hough transform from the frame at the 12thour.
The total chamber size was estimated using this as 6x10° pixels/chamber. This value is used
as N, for density normalization.

Every experiment consisted of six independent antibiotic concentrations, each administered
in one channel of the device. Either 8 or 10 replicates per concentration were collected. The
list of concentrations, total number of chambers collected, chamber number (1-10) that was
removed in the outlier process, and date of experiment can be found in Table S5b. As shown,
no more than 3 chambers were ever removed per experiment, and typically only one was
removed from standard deviation outliers due to blurry focus.

For processing, every channel was identified as ‘Date_KanXXCmYY’, where XX and YY
correspond to the appropriate concentration. Each concentration pair was performed at least
twice to ensure technical reproducibility (Fig. S5d). Whenever possible, we use datasets
collected on the same experimental day, i.e. on the same chip. However, because of technical
reproducibility, we can confidently combine concentrations from different experiments if
one channel was not deemed useable, for example, had an air bubble. This was done for Fig.
3d ii, iv, and Fig. S6b right column.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The potential influence of antibiotics on conjugation
(a) Overall conjugation dynamics result from two steps: conjugation and the ensuing

population dynamics of the donor (green), the recipient (red), and the transconjugant
(yellow). Antibiotics can influence the conjugation dynamics by (b) modulating the
conjugation efficiency or by (c) altering the population dynamics by changing the growth
rates of one or more populations. Here we assume antibiotics overall promote conjugation as
an illustration (b and c), compared to without any treatment (a).
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Fig. 2. Antibiotics did not significantly increase conjugation efficiency
(a) A synthetic conjugation system (see Table S1). The recipient (R™) carries an immobile

plasmid expressing ¢ and an mCherry reporter. The donor (G*) carries a mobilizable
plasmid expressing karR and a GFP reporter. When mixed, G* transfers a copy of its
plasmid to R™, generating transconjugant Y. Transconjugants can be quantified by selective
plating or by fluorescence imaging.

(b) Quantifying conjugation efficiency (n¢) for R™ and G* (see Table S2 and Methods for
details) with 10 antibiotics. The y-axis is the conjugation efficiency normalized with the
efficiency in the absence of antibiotics, n ¢, The x-axis is antibiotic concentration [A]
normalized with each I1Csy measured in plate readers (Fig. S2). There was no significant
increase in m ¢, amongst all antibiotics and concentrations tested (£>0.15, one-tailed t-test,
Table S3a). G~ was mated with R™ as control; no transconjugants were detected (CFU data
not shown, demonstrated by Video S2).

(c) Left: Physiological state of the cells significantly influenced the conjugation efficiency.
G* and R™F cells were grown into exponential phase for 2 hours (See Methods). All four
combinations of R™F and G* from either stationary (s) or exponential (e) phase were tested,
from top to bottom, G, and Rq (crosses), Ge and R, (pluses), Gs and Ry (circles), and G and
Re (squares). Str was used for these experiments, at concentrations of 0, 2, and 4 pg/mL.
Differences in ¢ between combinations are statistically significant (P<5x1074, two-tailed t-
test).

Right: Glucose significantly increases n¢. Crosses indicate without and boxes indicate with
2ug/mL Kan. Here, n¢, is for the standard M9 conditions (glucose = 0.4%, Fig. 2b), since
1 under these conditions insignificantly changes between 0 and 2pg/mL Kan (P>0.71, one-
tailed t-test).

(d) Antibiotics did not significantly increase the conjugation efficiency for five native self-
transmissible conjugation systems, including F(i), RP4(ii), R388(iii), R6K(iv), and
PESBL-283(v) from five incompatibility groups (IncF, IncP, IncW, IncX, and Incl), or for
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four ESBL-producing clinical £. coliisolates donors with unknown conjugation machinery
(vi-ix) (P>0.15, one-tailed t-test. Donors and recipients are labeled in each panel (Table S1
and Methods).

Error bars for all data in Fig. 2 indicate mean + standard deviation from four-six replicates.
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(a) Conjugation dynamics of r(recipient), g (donor), and y (transconjugant) in response to
antibiotics, which can alter the growth rates of one or more of the three populations. Curved
arrows represent cell proliferation, and blunt ended arrows represent antibiotic inhibition. r

and g conjugate to form y.
(b) Model (Eqg. 1-3) predictions of conjugation dynamics dependence on antibiotic

concentration (&) for all four trends. Top row: Growth rates for the three populations. Middle
row: Total density (#) of 7, g, and yafter 16 arbitrary time units (A.U.) Bottom row: 7,
normalized by 7, at a= 0 (f),). Dashed line indicates contribution through conjugation ().
Shaded boxes outline regions of similar dynamics. (i) Antibiotic has no effect on either
parent. (ii and iii) Antibiotic inhibits only one parent. (iv) Antibiotic inhibits both parents.
(c) Microfluidic platform to quantify conjugation. The microfluidic chip contains cell-
trapping chambers, which allow for monolayer bacterial growth (See Fig. S5a and Methods
for device details). 8—-10 chambers are measured per growth condition per experiment. Each
population is determined by obtaining the total pixel number of R (mCherry), G (GFP) and
Y (colocalization algorithm)#4, and normalized by the carrying capacity of the chamber
(N,=6x10° pixels/chamber), to obtain r;, g, and y respectively. Representative images (from

10 replicates) show pure G* and R~ populations, and mixed populations with or without or/7T

(See Methods).

Nat Microbiol. Author manuscript; available in PMC 2016 September 02.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lopatkin et al.

Page 21

(d) Experimental results confirmed model predictions in (b). Panel numbers correspond to
those in (b). Standard deviation was from 8-10 chamber replicates, with those falling outside
of two standard deviations or having lost focus removed. (i) RX and G* are both resistant to
Kan, and x-axis is Kan. (ii) R~ and G* are resistant to Cm and Kan respectively, and x-axis
is Kan. (iii) Same as (ii), with 4ug/mL Cm to reduce G* growth rate. (iv) R™ and G* are
resistant to Cm and Kan respectively, and x-axis is both Cm and Kan. Top row: growth rates
for the three populations quantified using plate reader measurements (see Methods). Middle
row: the total density (1) of 7, g, and y after 12 hours of growth. Bottom row: £, normalized
by 7, at [A] =0, ), (see Table S5).
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Fig. 4. Population structure influences the likelihood for conjugation frequency
(a) Stochastic simulation with randomized parameters p1-and i, and collecting r gand y.

Parameters are randomly generated from a normal distribution with mean of 1 and standard
deviation of 0.3, and collected for 7 time points spanning 4 A.U. Results show approximate
power law correlation between rgand y (R2 = 0.93), such that /og()) = by log(rg) + by where
b;=0.90and by=-1.25, and P<1x10~4 (linear regression). Different markers indicate

different time points (o, x, +, square, <, diamond, and *).

(b) Experimental data confirm model predictions in (a) (R? = 0.69). Here, fog(y) by log(rg) +
by Where b;=0.63and by=—1.41, and P<1x10~* (linear regression). Data used from seven
experiments, and collected from 7 different time points (6! to 12t hour, every hour); colors
indicate independent experiments, and shading indicates varied antibiotic concentration
within each experiment (lightest [A] = 0 to darkest, see Table S5a for color designation).
Different markers for different time points, from 6t to 12" are used (o, x, +, square, <,
diamond, and *). Here, rgand yare quantified by normalizing the pixels for each population
with respect to the carrying capacity (/A,=6x10° pixels/chamber).

See Fig. S7 for the power law correlation at each individual time point.
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