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Abstract

Background: The emergence and spread of antibiotic resistance in bacteria is becoming a global public health
problem. Combination therapy, i.e, the simultaneous use of multiple antibiotics, is used for long-term treatment to
suppress the emergence of resistant strains. However, the effect of the combinatorial use of multiple drugs on the
development of resistance remains elusive, especially in a quantitative assessment.

Results: To understand the evolutionary dynamics under combination therapy, we performed laboratory evolution
of Escherichia coli under simultaneous addition of two-drug combinations. We demonstrated that simultaneous
addition of a certain combinations of two drugs with collateral sensitivity to each other could suppress the acquisition
of resistance to both drugs. Furthermore, we found that the combinatorial use of enoxacin, a DNA replication inhibitor,
with Chloramphenicol can accelerate acquisition of resistance to Chloramphenicol. Genome resequencing analyses of
the evolved strains suggested that the acceleration of resistance acquisition was caused by an increase of mutation

frequency when enoxacin was added.

Conclusions: Integration of laboratory evolution and whole-genome sequencing enabled us to characterize the
development of resistance in bacteria under combination therapy. These results provide a basis for rational selection of
antibiotic combinations that suppress resistance development effectively.
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Background

The emergence of antibiotic-resistant bacteria is a
serious and worsening global public health problem,
despite our efforts to suppress and to control it [1, 2].
Antibiotic resistance is achieved through genetic
changes, either by acquisition of resistance genes
through horizontal gene transfer or by de novo muta-
tions. Clinical uses of antibiotics have provided a
selective advantage for naturally emerged resistant
bacteria which renders antibiotics ineffective [3].
Although chemically altered or newly discovered
compounds have been developed to combat such
antibiotic resistant bacteria [4], an emergence of anti-
biotic resistance always follows the clinical introduc-
tion of new antibiotics [5]. Furthermore, the discovery
and development of new antibiotics have stagnated
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recently [6], and thus we need to develop ways to
suppress such emergence of antibiotic resistant strains
by using the currently available repertoire of antibi-
otics and other chemical substrates [7].

The use of multidrug combinations, both sequentially
and simultaneously, is increasingly important to coun-
teract the emergence of antibiotic resistant bacterial
pathogens [8]. The effects of the simultaneous use of
multiple drugs have been extensively studied. For
example, a network of drug-drug interactions including
additive, antagonistic, and synergistic interactions was
quantified, which potentially affect the likelihood of the
emergence of resistance [9, 10]. Several studies demon-
strated that acquisition of resistance to one antibiotic is
accompanied with changes of resistance levels to various
drugs, called collateral resistance and sensitivity, which
also significantly contribute to determining the course of
antibiotic resistance evolution [11-14]. A better under-
standing of these phenomena is important since they
could potentially inform about strategies to suppress the
emergence of resistant strains by using multidrug
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combinations. However, the number of quantitative
studies about combinatorial use of multiple drugs was
limited [15-18], despite its importance for medical
applications.

In this study, we performed laboratory evolution of
Escherichia coli under antibiotic combinations to
quantify how the change of phenotype and genotype is
affected by the simultaneous use of multiple drugs. For
each evolved strain under single or combinatorial use of
antibiotics, genome sequence analysis was carried out to
identify fixed mutations. Furthermore, we evaluated the
effect of fixed mutations on antibiotic resistance by
reconstructing mutants by introducing a selection of the
identified mutations. In addition, our data suggested that
the simultaneous use of quinolone and other types of
antibiotics can accelerate the acquisition of resistance in
comparison with the single use of either drug. We also
demonstrated that the simultaneous use of drugs
showing collateral sensitivity to each other can suppress
the acquisition of resistance to both drugs.

Results and discussion
Procedure of laboratory evolution of antibiotic resistance
To explore effects of combinatorial use of antibiotics on
the resistance evolution, we selected 3 antibiotics, i.e.,
amikacin (AMK; aminoglycoside type protein synthesis
inhibitor), chloramphenicol (CP; bacteriostatic protein
synthesis inhibitor), and enoxacin (ENX; quinolone-type
DNA replication inhibitor). We used these drugs for the
following two reasons. First, we confirmed that resist-
ance to these antibiotics can be acquired by de novo
mutations by laboratory evolution, as shown in our
previous study [11]. Second, the same study demon-
strated that the resistant strains to these drugs exhibited
collateral resistance/sensitivity to other drugs, which
likely contribute to determining the course of antibiotic
resistance evolution. We performed laboratory evolution
of E. coli in the presence of 3 pairwise combinations of
above antibiotics and 3 single antibiotics, totaling 6
conditions. In the laboratory evolution with drug combi-
nations, E. coli cells were cultured in a synthetic medium
with serial dilutions of antibiotics in two-dimensional
arrays of 8 x 8 wells, as shown in Fig. la. Every 24 h,
cells were propagated from a well with the largest prod-
uct of drug concentrations in which cells were able to
sustain growth (see Methods for details). This experi-
mental setting enabled us to impose a selection pressure
for developing resistance to both drugs simultaneously.
In addition to the laboratory evolution under
combinatorial use of two antibiotics, we performed
laboratory evolution under addition of single antibiotics,
as control experiments, i.e., under the addition of AMK,
CP, or ENX. In these laboratory evolutions, cells were
cultured in media with 8 different concentrations of
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drugs and were propagated daily from a well containing
the highest drug concentration in which the cells were
able to sustain growth. To evaluate the reproducibility of
the evolution, both for the cases of combinatorial and
single use of antibiotics, 7 independent culture lines
were propagated in parallel.

Result of laboratory evolution under combinatorial use of
antibiotics

Figure 1b to d show the change in minimum inhibi-
tory concentrations (MIC) during 33 days propaga-
tion. For the results with the combinatorial use of
two drugs (red symbols in Fig. 1b to d), the changes
of MIC to both drug are plotted on a 2-dimensional
plane. Here, we defined MIC as the concentration of
drug from which cells were propagated. For the
results under single drug addition that are overlaid in
these figures, we assume that MICs for the counter-
part drug do not change during evolution. Figure 2a
to ¢ present MICs of the isolated evolved strains.

As shown in Figs. 1b and 2, the combinational use of
AMK and CP significantly suppressed the increase in
MICs for both AMK (Fig. 2a) and CP (Fig. 2c) in
comparison with their single use. Several previous stud-
ies reported that E. coli cells show a mutual collateral
sensitivity between CP and aminoglycoside drugs includ-
ing AMK, that is, when E. coli cells acquire resistance to
CP, the cells become more sensitive to AMK than the
parent strain, and vice versa [11-13]. Also in this study,
some of resistant strains obtained under sole use of
AMK and CP exhibited a collateral sensitivity as shown
in Additional file 1: Figure S1. Thus, the result strongly
suggested that the observed suppression of resistance
development by the combinatorial use of CP and AMK
was caused by the trade-off nature of CP and AMK resist-
ance, which was consistent with previous studies [16, 19].

For the combinatorial use of AMK and ENX, we also
found a suppression of resistance development (Fig. 1c)
in comparison with the single use of drugs, although it
was smaller than the case of AMK and CP. The change
of MIC to ENX was significantly suppressed by the
combinatorial use of AMK and ENX (Fig. 2b), while the
effect was not statistically significant for the AMK resist-
ance (Fig. 2a). Some resistant strains obtained under the
single use of AMK and ENX showed collateral sensitivity
as shown in Additional file 1: Figure S1. Thus, these data
might also support that the combinatorial use of two
drugs showing collateral sensitivity suppresses the devel-
opment of resistance.

Interestingly, the combinatorial use of CP and ENX
exhibited an acceleration of acquisition of resistance to
CP (Figs. 1d and 2c). In contrast, the changes of MIC to
ENX were almost identical between the combinatorial
use and the single use of ENX. Previous studies
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Fig. 1 Laboratory evolution under a combination of two antibiotics. a The procedure of laboratory evolution. The laboratory evolution was performed
in 8 x 8 wells in 96-well microplates with two antibiotic gradients. The dilution step was set at 2°?° fold. At a daily transfer, the bacterial cells
were transferred from the well with the highest sum of log-transformed drug concentrations in which cells were able to grow (ODggo > 0.03).
b-d The change of MIC in laboratory evolution. The trajectories of MIC changes are plotted for b AMK+ CP, ¢ AMK + ENX, and d CP + ENX,
respectively. The dots represent MICs at the end-point of laboratory evolution (33 days), and the lines show the changes of MIC during laborator
Y ry y g9 9 Yy
evolution. The red dots and lines correspond to the trajectories of evolution using combinatorial use of two antibiotics, while blue and green dots/lines
show the results of laboratory evolution under addition of single antibiotics. For the single drug experiments, MICs to the counterpart
drug were assumed to be identical to the parent strain in these figures. The data points have been slightly randomized by adding Gaussian noise to

suggested that the effect of combinatorial addition of CP  combinations with antagonistic interactions suppress the
and DNA gyrase inhibitor is antagonistic [9]. Thus our development of resistance [10, 20, 21]. Our previous
result of acceleration of resistance development is incon-  data demonstrated that the combination of CP and ENX
sistent with the previous studies showing that drug has mutual collateral resistance, i.e., when E. coli cells
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Fig. 2 MICs of evolved strains. The MICs of evolved strains to (@) amikacin (AMK), b enoxacin (ENX), ¢ chloramphenicol (CP) are presented. For each
end-point culture of the laboratory evolution, we isolated a clone and quantified MICs of it. The symbols * and ** are p-values (p <0.05,

p <0.001, respectively) obtained by Steel-Dwass test

acquire CP resistance, the cells simultaneously acquire
ENX resistance, and vice versa [11]. Also in this study,
the resistant strains obtained by the single use of CP and
ENX exhibited collateral resistance, as shown in
Additional file 1: Figure S1. However, the observed
collateral resistance was symmetric, and thus it is diffi-
cult to explain the asymmetric acceleration of resistance
acquisition at this point. One possibility to explain the
asymmetric acceleration is a change of mutation fixation
rate by addition of antibiotics. Therefore, in the follow-
ing parts, we present the analysis of genomic sequences
in the obtained resistant strains.

Mutations fixed in evolved strains

To analyze the contribution of genetic mutations to the
acquisition of resistances, we isolated a single clone at
the end-point of each culture, and then performed

whole-genome resequencing analysis of 42 evolved
clones (6 conditions x 7 independent culture series).
Figure 3 shows the number of mutations identified in
the evolved strains. Detailed information about the
mutations is presented in Additional file 2: Table S1.
Ten or fewer mutations were fixed in each of the
evolved strains. An important point here is that the
numbers of fixed mutations in the strains evolved
under addition of ENX (i.e., AMK and ENX, CP and
ENX, and ENX only conditions) were larger than
those without the addition of ENX (Steel-Dwass test,
p<107°). It is known that quinolones induce the SOS
mutagenic response, in particular, Ins/Del mutagenesis
[22-26], and in fact the numbers of Ins/Del
mutations fixed in the ENX exposed strains were
significantly larger than that of the latter (Steel-Dwass
test, p <107°).

129 m SNV
B Ins/Del
10 1
1))
8
35 81
5
€
G 61
o)
o)
E 4
zZ
2
1234567 1234567 1234567 1234567 1234567 1234567
AMK+CP AMK+ENX CP+ENX AMK CP ENX

Fig. 3 The number of fixed mutations in evolved strains. Mutations were identified using lllumina MiSeq system (see Methods for details).
Blue and green bars represent single nucleotide variation (SNV) and ins/del, respectively
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Among these identified mutations, we found several
characteristic mutations that are commonly fixed in
resistant strains obtained by specific combinations of
drugs. For example, multiple resistant strains obtained
under the addition of AMK and CP had mutations in
rsxC, rsxD, ybeX, and yojL genes, while no resistant
strain obtained by the single use of drugs had mutations
in these genes. These results might suggest that the
above mutations contributed to the simultaneous acqui-
sition of resistance to AMK and CP, although the
increases in resistance were small as shown in Fig. 1b.
rsxC and rsxD genes are involved in a reducing system
of the superoxide sensor SoxR, whose disruption causes
constitutive expression of SoxS [27]. Since overexpres-
sion of SoxS is known to cause multiple antibiotic resis-
tances [28], the identified mutations rsxC/rsxD genes
might contribute AMK and CP resistance via regulation
of SoxS. yojL encodes a flavin transferase catalyzes the
transfer of flavin mononucleotide to target proteins [29].
ybeX encodes a putative membrane protein predicted to
be involved in Mg®>* and Co** efflux [30]. There is no
report so far on the relationship between functions of
above genes and antibiotic resistance, and the mechan-
ism how these genes contribute to the resistance to
AMK and CP is unclear. In addition, 3 out of 7 resistant
strains obtained by the simultaneous addition of AMK
and ENX had mutations in cyaA gene, which encodes
adenylate cyclase involved in the cyclic AMP synthesis
and metabolic control [31]. It was suggested that
disruption of cyaA gene is involved in the emergence of
quiescent bacteria called persisters which can survive
antibiotic treatment [32]. The detailed mechanism how
cyaA mutations contribute to the simultaneous acquisi-
tion of AMK and ENX remains unclear.

Analysis of mutation effects by constructing mutant strains
The whole genome resequencing analysis indicated that
the number of fixed mutations in the ENX exposed
strain was significantly larger. By assuming similarity in
the selection strength, the number of available mutations
causing resistance acquisition, and the effective popula-
tion size among the laboratory evolutions, this result
might suggest an increase in mutation rate by the ENX
addition, as demonstrated by the previous study using
similar antibiotics [24]. If this is the case, one possible
explanation for the observed acceleration of CP resist-
ance development by the combinatorial use of CP and
ENX is due to the increased mutation rate with ENX
addition. The data demonstrated that a majority of fixed
mutations in evolved strains under CP and ENX
addition were Ins/Del, and almost all of short Ins/Del
(25 out of 26 Ins/Del; less than 100 bp) were accompan-
ied by a frame shift. Such loss of function mutations by
Ins/Del might contribute to the CP and ENX resistance.
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Another possible explanation for the acceleration of
resistance evolution is epistasis between fixed mutations
[33]. For example, when a mutation responsible for ENX
resistance has positive epistasis with mutations which
caused CP resistance, such interaction might accelerate
the resistance evolution. To quantitatively evaluate the
effect of mutations and the possible contribution of
epistasis to the acceleration of resistance development,
we constructed deletion mutants of genes in which
mutations were commonly fixed in the evolved strains
under combinatorial use of CP and ENX, ie., acrR,
marR, ompF, and glyXY. Since the mutations fixed in
these genes were Ins/Del which caused frame-shifts, we
evaluated the effect of these mutations on the resistance
by deleting open reading frames. Also, we found that
multiple mutations were fixed in genes in the atp
operon which caused frame-shifts, which suggested that
disruption of these genes encoding subunits of the ATP
synthase complex contributed to CP and/or ENX
resistance. To evaluate this possibility, we also
constructed a deletion strain of atpl, the first gene in the
atp operon, whose deletion is known to decrease
ATPase activity [34].

Figure 4a shows CP and ENX resistances of the
deletion mutants quantified by MIC relative to the
parent strain. As shown, CP and ENX resistances
increased by the gene deletions, except for glyXY gene
deletion. AcrR encoded in acrR has been known to
repress the expression of the multi-drug efflux pump
(AcrAB) and deletion of acrR activates the expression of
the multi-drug efflux pump [35]. OmpF is an outer
membrane porin, which is a non-specific transport chan-
nel that allows for the passive diffusion of antibiotics. It
is known that a decrease in ompF expression results in
decreasing antibiotic uptake, which leads to resistance
[36]. In addition to these well-known genes which
contribute to the antibiotic resistances, we confirmed
that the deletion of atpl also increases CP and ENX
resistance. It is known that ATP synthesis by ATP syn-
thase is driven by proton motive force (PMF). Note that
the multi-drug efflux pump (AcrAB) is a proton antipor-
ter and also driven by the PMF [37, 38], which indicates
that the activity of the multi-drug efflux pump competes
with ATP synthesis in the cell membrane. Thus, the
disruption of ATP synthesis can facilitate multi-drug
efflux activity, leading to the resistances to some types of
drugs. Our result of resistance acquisition in atpl dele-
tion mutant supports this hypothesis. marR encodes a
regulator protein involved in multiple antibiotic resist-
ance [39]. It was demonstrated that the disruption of
marR causes acquisition of resistance to various drugs
through activation of AcrAB multi-drug efflux pump
[40]. Our result of resistance acquisition in marR dele-
tion mutant was consistent with the previous study.
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Fig. 4 Changes in relative MICs by deletion of genes. a The log,-transformed relative MICs (CP and ENX) to the parent strain observed in acrR,
marR, atpl, ompF, and glyXY gene deletion mutants. The error bars represent the standard deviation of MICs obtained from 3 independent cultures.
The bar for the relative MIC of glyXY deletion strain to CP is invisible, since the value of log2-transformed relative MIC is zero with zero
standard deviation. b Predicted and observed relative MICs (CP and ENX) in double deletion mutants. Double deletion mutants were constructed, in
which all possible pairwise combinations of above 5 genes were disrupted. The predicted MICs in double deletion mutants were calculated by a sum

of log,-transformed relative MICs of corresponding two single-gene deletion mutants. The solid black line represents y = x for reference

glyXY encodes glycine tRNA, and the relationship
between antibiotic resistance and disruption of glycine
tRNA has not been reported.

Analysis of epistatic interactions between mutations

To evaluate the epistatic effect between these muta-
tions, we constructed double deletion mutants of all
possible pairwise combinations of these five mutations
(10 combinations in total), and quantified the CP and
ENX resistance of these double deletion mutants. By
comparing the resistance of single and double dele-
tion mutant strains, we analyzed whether the resist-
ance of double deletion mutants can be explained by
a sum of the effect in corresponding single deletion
mutants, or if non-additive interactions between dele-
tions exist. Figure 4b shows the relationship between
the log-transformed relative MIC of the double dele-
tion mutant and the sum of log-transformed relative
MICs of corresponding single deletion mutant. The
data points are close to the diagonal line (the coeffi-
cient of determination was 0.87), which suggested
that the epistatic interactions between these gene
deletions are negligible. This result supported the
hypothesis that the observed acceleration of CP resist-
ance development by combinatorial use of CP and
ENX was caused by an increase of mutation rate by
the addition of ENX.

There are, of course, other possibilities to explain the
observed acceleration of CP resistance development.
One possibility is due to the collateral resistance
between CP and ENX [11], which could influence the
selective advantage and the number of possible

mutations contributing the resistance, to increase the
fixation rate of resistant mutations. Another possibility
is due to higher-order epistasis among resistant muta-
tions [41], which cannot be analyzed by the pairwise
combination of identified mutations. Furthermore, in
this study we investigated the effects of only a part of
identified mutations on the acquisition of resistance.
Therefore, we could not exclude the possibility that
other mutations which were not tested contributed to
the observed resistance acquisition and unknown
epistatic interactions. Further research to evaluate effects
of such infrequent mutations is necessary, for complete
understanding of the evolutionary dynamics under the
combinatorial drug uses. For this purpose, the use of
high-throughput genome engineering such as MAGE
method [42] is desirable.

The result that the combinatorial use of AMK and
ENX did not accelerate AMK resistance development
(Fig. 1c) seems inconsistent with the suggested increase
of mutation fixation frequency by the ENX addition as
discussed above. One possible explanation for this result
is due to collateral sensitivity between AMK and ENX,
i.e., acquisition of ENX resistance causes AMK sensitiv-
ity, which was presented in our previous study [11]. Also
in this study, the data of ENX resistant strains obtained
by the single use of ENX exhibited collateral sensitivity
to AMK (Additional file 1: Figure S1). As shown in
Fig. 1c, the resistance to ENX increased by the combina-
torial use of ENX and AMK in comparison to the parent
strain. This resistance to ENX can cause sensitivity to
AMLK due to collateral sensitivity, which might result the
suppression of acquisition of resistance to AMK.
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Conclusions

In this study, we performed laboratory evolution of
E. coli under combinatorial use of antibiotics. We
demonstrated that addition of ENX accelerated the
development of CP resistance compared to the single
use of CP. We also found that resistance acquisition
was significantly suppressed by the combinatorial use
of antibiotics exhibiting collateral sensitivity each
other. Whole-genome sequencing showed that the
addition of ENX significantly increased Ins/Del muta-
tions which might suggest the contribution of
increased mutation rate to the acceleration of CP
resistance acquisition. Although further research
including clinical studies is required, these results in-
dicated that selection of antibiotics is very important
for suppression of antibiotic resistance acquisition in
combination therapy. Further studies to unveil the
complex interactions among antibiotic resistances are
important for designing rational ways to control the
development of antibiotic resistance.

Methods

Growth medium, bacterial strain, and antibiotics

All experiments were performed in modified M9 medium
[43].The IS elements-free Escherichia coli strain MDS42
[44] was purchased from Scarab Genomics and utilized
throughout this study. The use of the IS elements-free
strain can make the resequencing analysis reliable since
the determination of the precise position of IS element
insertions is often difficult by using high-throughput
sequencers. All antibiotics used in this study were
purchased from Wako Pure Chemical Industries, Ltd.
Antibiotic stock solutions were made by dissolving pow-
der stocks in specified solvents by manufacture’s instruc-
tion. All antibiotic stocks dissolved in water were 0.2 pm
filter-sterilized. The antibiotic stock solutions were stored
at —80 °C prior to use.

Laboratory evolution

The bacterial cells were cultured in 200 pl modified M9
medium in a 96-well microplate (Corning Inc. 3595)
with shaking at 900 strokes min™' on a microplate
shaker TITRAMAX1000 (Heidolph Instruments) at
34 °C. We used the incubation temperature of 34 °C in-
stead of the commonly used temperature (37 °C) to
shorten the time that the cells are in the stationary
phase and the death phase. For laboratory evolution
under a single drug, the bacterial cells were propagated
in modified M9 medium with 16 different concentra-
tions in 2°%° fold dilution steps of antibiotics. For
laboratory evolution under combinatorial use of antibi-
otics, antibiotics were mixed in a two-dimensional array
of 8 x 8 wells in which the concentration of each anti-
biotic varied in 2°%° fold dilution steps of antibiotics.
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Antibiotic serial diluted plates were prepared using
a Zephyr Compact Liquid Handling Workstation
(PerkinElmer Inc.). At a daily transfer, the growth of
the cells was monitored by measuring the OD600
nm of each well using the microplate reader 1420
ARVO (PerkinElmer Inc.). We defined a well whose
OD600 nm was greater than 0.03 as the well in
which cells could grow, which corresponds to the
mid-log phase in our culture system. For laboratory
evolution under a single drug, the cells, calculated
to yield an initial OD600 nm of 3 x107° corre-
sponding to approximately 10 cells per well, were
transferred from the well with highest drug concen-
trations in which cells could grow to freshly
prepared plates with serial diluted antibiotic. For
laboratory evolution under combinatorial use of
antibiotics, the bacterial cells were transferred from
the well with the highest sum of log-transformed
concentrations of the two antibiotics which permit-
ted cellular growth. When there were multiple wells
with an identical product of drug concentrations, we
selected a well with highest cell concentration
(OD600 nm value) from these wells. The cells
during the evolution experiments were stored as
glycerol stocks at -80 °C and used for further
analysis. To evaluate the reproducibility of the
evolution of resistance, for each condition, 7 inde-
pendent culture lines were propagated in parallel.
To isolate clonal cell populations, evolved cells from
frozen glycerol stocks were plated on modified M9
agar plate and incubated at 34 °C for 2 days. Three
to six colonies were picked and suspended in modi-
fied M9 medium. The suspensions were stored at
-80 °C with glycerol.

MIC measurement

Serial dilutions of antibiotics were made in 96-well
microplates using modified M9 medium by the
liquid handling workstation and stored at -80 °C
prior to use. The ranges of antibiotic concentrations
used for determining MICs were in 2°2° fold dilu-
tion steps. We prepared precultures by shaking gly-
cerol stocked strains in 200 pL of modified M9
medium in 96-well microplates for 23 h at 34 °C
without antibiotics. The cells in the preculture, cal-
culated to yield an initiall OD600 nm of 3x 107>,
were inoculated into each well in freshly thawed
plates with the drug gradients to a final volume
200 pL. After 23 h incubation with shaking, the
microplates were read at 600 nm using the micro-
plate reader. The MICs were defined as the lowest
concentration of antibiotics that reduced the growth
to an OD600 nm of less than 0.03.
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Genomic DNA preparation

To extract and purify genomic DNA of each clone, we
prepared precultures by shaking stocked strains in
200 pL of modified M9 medium in 96-well microplates
for 23 h at 34 °C without antibiotic. The cells precul-
tured were diluted to OD600 nm of 3 x 10~° into 10 mL
of fresh modified M9 medium in test tubes without anti-
biotic again. Cell culture was performed at 34 °C for
23 h with shaking at 150 strokes min~" using water bath
shakers Personal-11 (Taitec Co.). After the transfer of
200 pL of cultures to a microplate, we confirmed that
cultures grown in test tubes reached OD600 nm values
of more than 0.2. Rifampicin (final concentration
300 pg/mL) was subsequently added, and culture was
continued for a further 3 h to block initiation of DNA
replication. We wused rifampicin here to eliminate
partially replicated genomes in the sample since they
can cause a bias in the coverage depth. The cells were
collected by centrifugation at 25 °C at 20,000 x g for
5 min, and the pelleted cells were stored at —80 °C prior
to genomic DNA purification. Genomic DNA was
isolated and purified using a DNeasy Blood & Tissue Kit
(Qiagen) in accordance with the manufacturer’s instruc-
tions. The quantity and purity of the genomic DNA were
determined by the absorbance at 260 nm and the ratio
of the absorbance at 260 and 280 nm (A260/280) using
a NanoDrop ND-2000, respectively. As a result, we
confirmed that A260/280 values of all samples were
more than 1.7. The purified genomic DNAs were stored
at —30 °C prior to use.

Genome sequence analysis using lllumina MiSeq

Genome sequence analyses were performed with Illu-
mina MiSeq System. A paired-end library was generated
using a Nextera DNA Sample Prep Kit (Illumina) and
was sequenced using a MiSeq Reagent Kit v3 (600-cycle)
(Illumina) in accordance with the manufacturer’s
instructions. We identified mutations by mapping
paired-end reads to the MDS42 reference genome using
the BRESEQ version 0.25 [45].

Construction of deletion mutants

To construct deletion mutants of the acrR, marR, ompF,
glyXY, and atpl genes, we deleted coding regions by
Quick and Easy E. coli Gene Deletion Kit (Gene Bridges)
in accordance with the manufacturer’s instructions.
Briefly, to construct DNA fragments that had deleted
coding regions, 60 bp homology arms were added to
FRT-cm-FRT cassette (Gene Bridges), prokaryotic
promoter and CP resistant gene flanked FRT sites, by
sequential PCR. Each DNA fragment was purified by the
MinElute PCR Purification Kit and then transformation
to the parent strain and replacement of coding regions
by FRT-cm-FRT cassette by A phage recombinase were
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performed in accordance with the manufacturer’s
instructions. After confirmation of replacement of
coding regions by FRT-cm-FRT cassette, the CP resistant
gene was excised by Flp-recombinase coded on 709-FLPe
ap® expression plasmid (Gene Bridges). After curing the
expression plasmid, corresponding genomic regions were
amplified by PCR and then confirmed by Sanger sequen-
cing of the PCR products directly. acrAB genes, coding
the multi-drug efflux pump and repressed by acrR, are
located in the upper flanking region of acrR. To avoid the
disruption of promoter and regulation regions of the
acrAB operon, we deleted 118 bp of 3" end of acrR includ-
ing the stop codon.

Additional files

Additional file 1: Figure S1. MICs of evolved strains obtained under
single drug application. The MICs to (a) AMK, (b) ENX, and (c) CP of the
parent strain (P) and strains evolved under single drug application (AMK,
ENX, and CP) are presented. Evolved strains were obtained by isolating a
single clone from the end-point culture of the laboratory evolution, and
used to quantify MICs. (PDF 376 kb)

Additional file 2: Table S1. Mutations fixed in the evolved strains. The
list was obtained by genome resequencing analysis using Illumina Miseq.
(XLSX 28 kb)
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