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ABSTRACT Chemogenetic approaches to profile an antibiotic mode of action are
based on detecting differential sensitivities of engineered bacterial strains in which
the antibacterial target (usually encoded by an essential gene) or an associated pro-
cess is regulated. We previously developed an essential-gene knockdown mutant
library in the multidrug-resistant Burkholderia cenocepacia by transposon delivery
of a rhamnose-inducible promoter. In this work, we used Illumina sequencing of
multiplex-PCR-amplified transposon junctions to track individual mutants during
pooled growth in the presence of antibiotics. We found that competition from
nontarget mutants magnified the hypersensitivity of a clone underexpressing
gyrB to novobiocin by 8-fold compared with hypersensitivity measured during
clonal growth. Additional profiling of various antibiotics against a pilot library
representing most categories of essential genes revealed a two-component sys-
tem with unknown function, which, upon depletion of the response regulator, sen-
sitized B. cenocepacia to novobiocin, ciprofloxacin, tetracycline, chloramphenicol, ka-
namycin, meropenem, and carbonyl cyanide 3-chlorophenylhydrazone, but not to
colistin, hydrogen peroxide, and dimethyl sulfoxide. We named the gene cluster
esaSR for enhanced sensitivity to antibiotics sensor and response regulator. Muta-
tional analysis and efflux activity assays revealed that while esaS is not essential and
is involved in antibiotic-induced efflux, esaR is an essential gene and regulates efflux
independently of antibiotic-mediated induction. Furthermore, microscopic analysis of
cells stained with propidium iodide provided evidence that depletion of EsaR has a
profound effect on the integrity of cell membranes. In summary, we unraveled a
previously uncharacterized two-component system that can be targeted to reduce
antibiotic resistance in B. cenocepacia.
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The increasing occurrence of infections by multidrug-resistant bacteria has become
a global concern (1). Moreover, there is a high demand to develop new therapeutics

against multidrug-resistant Gram-negative bacteria, as they are predicted to be the
biggest threats (2). One example is Burkholderia cenocepacia, which belongs to the
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Burkholderia cepacia complex (Bcc), opportunistic pathogens that cause lung infections
in immunocompromised and cystic fibrosis (CF) patients (3). B. cenocepacia is inherently
multidrug resistant, owing to an impermeable outer membrane (4) and diverse meta-
bolic (5) and efflux (6) capabilities, and is capable of developing additional resistance to
all classes of antibiotics in vivo, prohibiting effective antibiotic treatment (7). Despite
the severity of Bcc infections and the high antibiotic resistance of Bcc isolates, there are
very few efforts to develop alternative drugs for treatment. Furthermore, there is very
little understanding of how antibiotic resistance is regulated and can be targeted to
increase the usefulness of current antibiotics to treat Bcc infections.

Identifying novel antibacterial targets and targets for antibiotic adjuvant therapy is
an important step in the antibacterial drug discovery pipeline (8, 9). Chemogenetic
approaches (10, 11), where underexpression of single essential gene product sensitizes
strains to specific inhibitors of the products, are useful to identify targets and processes
affected by small molecules with unknown mechanisms of action (MOA) (12, 13).
Generating mutant profiles for antibiotics becomes more informative as the diversity of
the mutant library increases. To modulate essential gene expression, antisense RNA
induction (14, 15) and systematic replacement of essential gene promoters with
inducible systems (16–19) have been employed. Recently, CRISPR interference (20) was
used to generate the first bacterial comprehensive essential gene knockdown library
(21). However, these methodologies are not without challenges, as they employ
bacterial mutants grown clonally. Bacterial growth is measured by optical density (in
liquid medium) or colony size (on solid medium). Hundreds of microtiter plates, robotic
equipment, and specific standardization methods are required to minimize the system-
atic variation and batch effects across plates (22). Using an Illumina next-generation-
sequencing platform (23), a method to profile a library of loss-of-function Saccharomy-
ces cerevisiae strains in response to small molecules was developed (25). This is in
contrast to approaches to determine the targets of antibiotics (24), which have not yet
taken advantage of the sensitivity, dynamic range (25), and throughput of detection by
next-generation sequencing.

We previously developed a library of 106 B. cenocepacia K56-2 conditional growth
(CG) mutants (Table 1) (26) expressing suboptimal levels of essential genes from a
rhamnose-inducible promoter (27). Here, we developed a method for tracking the
relative abundances of pooled conditional growth mutants after exposure to several
antibiotics by Illumina sequencing of the transposon insertion tags after amplification
by multiplex PCR. Although our method limited the number of mutants that could be
included in the assay, antibiotic profiling revealed a CG mutant of an uncharacterized
two-component signal transduction system (TCS) that was hypersensitive to several
antibiotics. Genetic analysis, efflux activity assays, and microscopy provided further

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Featuresa Source

B. cenocepacia K56-2 Cystic fibrosis clinical isolate 82
B. cenocepacia MKC2 Site-directed CG mutant; PrhaB promoter

replacement of esaR
This study

B. cenocepacia MKC4 ΔesaS This study
E. coli SY327 araD Δ(lac pro) argE(Am) recA56 Rifr nalA �pir 83

Plasmids
pRK2013 oricolE1; RK2 derivative; Kan� mob� tra� 84
pSC201 oriR6K; rhaR rhaS Prha B dhfr 30
pMC2 pSC201 derivative; oriR6K; rhaR rhaS PrhaB dhfr This study
pGPI-SceI oriR6K; Tmpr; mob�; carries I-SceI cut site 31
pMC4 pGPI-SceI containing upstream and

downstream regions of esaS
This study

pMC5 pGPI-SceI containing upstream and
downstream regions of esaSR

This study

pDAI-SceI oripBBR1; Tetr; mob�; Pdhfr; I-SceI gene 31
aKan, kanamycin; Tmp, trimethoprim; Tet, tetracycline; tra�, self transferable; mob�, mobilizable.
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evidence that the TCS is involved in controlling multidrug efflux and cell membrane
integrity, exposing a novel target for antibiotic drug therapy in the Bcc.

RESULTS
Quantification of CG mutant relative abundance by Illumina sequencing of

multiplex-PCR-amplified transposon junctions. Our original CG mutant library con-
sisted of 106 mutants in which the rhamnose-inducible promoter controls the expres-
sion of essential genes in 50 unique operons (26). Taking advantage of this transposon
mutant library, we developed a method to detect the enhanced sensitivity of CG
mutants when they are grown competitively in the presence of an antibiotic (Fig. 1).
The strategy involved pooled growth experiments in which CG mutants with similar
rhamnose dose-response curves (see Fig. S1 in the supplemental material) were ex-
posed to several antibiotics. CG mutant pools that received the same treatment were
combined, the genomic DNA was extracted, and the transposon-genome interface was
amplified by multiplex PCR. The amplicons were then Illumina sequenced, and the
relative abundance (RA) of each CG mutant was calculated for each treatment.

In order to avoid possible misidentification of CG mutants due to the presence of
close transposon insertions, we selected 56 CG mutants from the original CG mutant
library (26) that had insertion sites located at least 10 kb from each other in the
genome. To determine the amplification reproducibility of the transposon-genome
junctions of the individual CG mutants, the pooled genomic DNA of equal amounts of

FIG 1 Detection of CG mutant enhanced sensitivity using Illumina MiSeq. Mutants with similar rhamnose
sensitivities (mutants a, b, and c; e, d, and f; and g, h, and i) were pooled in equal amounts (pools A, B,
and C) and incubated with and without antibiotic. The CG mutant pools were combined, genomic DNA
was extracted, and the transposon-genome interface was amplified by multiplex PCR using a common
transposon-specific forward primer and a genome-specific reverse primer, both of which contained 5=
adapter sequences (Adapter). The index PCR added indexes to the amplicons using primers comple-
mentary to the adapter sequences and containing 5= indexes (i5 and i7) and Illumina MiSeq-specific
adapter sequences (iA). The amplicons were then sequenced in one run of a MiSeq, and the reads,
separated by treatment, containing transposon insertion sites were assigned to their corresponding CG
mutants. The RAs of reads corresponding to each CG mutant within the total reads per index were
calculated, and CG mutant depletion in response to an antibiotic was expressed as the ratio between the
control RA and the antibiotic RA.
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CG mutants was extracted and used as the template in the multiplex PCR, and the
resulting amplicons were sequenced on an Illumina MiSeq. Initially, 2 CG mutant
amplicons (67-10H9 and 86-3D16) accounted for 30% of the total reads, 12 had read
counts that varied between replicates, and 19 were not detected. To increase the
sequencing depth and improve the amplification of the variably amplified and unde-
tected amplicons, the primer concentrations for 67-10H9 and 86-3D16 were decreased
to reduce the overrepresented amplicons (see Table S2 in the supplemental material).
Adjusting the primer concentrations increased the sequencing depth of the other
amplicons in the library (data not shown) while maintaining the reproducible detection
of 25 CG mutants (see Fig. S2 in the supplemental material). However, detection and
reproducibility were not improved for the variably amplified and undetected CG
mutants. A pilot CG library comprised of the 25 CG mutants that had reproducible
amplification in the multiplex PCR was then used to profile antibiotics. Despite its small
size, the pilot CG library contains representatives of 25 unique essential operons
covering the main essential functional categories identified in the original CG mutant
library (26) (Fig. 2).

To demonstrate that we could detect CG mutant depletion by multiplexed Illumina
sequencing, the ratios of the CG mutants were artificially adjusted to mimic antibiotic-
driven mutant depletion. Five CG mutant pools were generated: pool A contained all
the mutants in the pilot CG library combined in equal amounts (based on the optical
density at 600 nm [OD600]), and pools B to D contained the majority of mutants pooled
in equal amounts, with 2 to 8 CG mutants in each pool depleted by 10-fold or 100-fold
with respect to pool A. The observed depletion of CG mutants was representative of the
initial concentrations (10-fold or 100-fold) of each mutant within the pools. The percent
abundance of each CG mutant in the pools from duplicate multiplex PCRs was
consistent, showing that each CG mutant was reproducibly amplified and detected (see
Fig. S3 in the supplemental material). Therefore, sequencing amplicons from the
multiplex PCR accurately measured CG mutant depletion in the pilot CG library.

FIG 2 Functional categories represented by CG mutants in the original (106 mutants) and pilot (25
mutants) CG libraries. Sixteen out of the 17 functional categories, determined by the GO (Gene Ontology)
and COG (Cluster of Orthologous Genes) annotations, identified in the original mutant library (26) are
represented in the pilot CG library. The proportion of each category is based on the functions of
annotated genes in the B. cenocepacia J2315 genome that are predicted to be in an operon downstream
of the transposon insertion site.
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A competitive enhanced-sensitivity assay enhanced the specific depletion of
the CGgyrB mutant to its cognate antibiotic, novobiocin. To sensitize CG mutants to
antibiotics, we used rhamnose concentrations that allowed 30 to 60% of wild-type (WT)
growth, as previously determined (26). Pools of mutants with similar responses to
rhamnose were made and grown in the presence or absence of antibiotics. Cultures
exposed to the same treatment were combined by volume, and the genomic DNA was
extracted and used as a template in a two-step PCR in which a unique index identified
the treatment. The CG mutant 58-14E1, referred to here as CGgyrB, was included in the
pilot CG library. This mutant strain was sensitized to produce suboptimal levels of the
DNA gyrase subunit GyrB, which is the target of novobiocin (NOV) (28). A bioactive
target match was evident in the competitive enhanced-sensitivity assay (ESA), in which
exposure to sublethal concentrations of novobiocin caused more than 10-fold deple-
tion of the sensitized CGgyrB (Fig. 3). CGgyrB also showed enhanced sensitivity to the
tetracycline (TET) 10% (IC10) and 30% (IC30) inhibitory concentrations (the concentra-
tions of antibiotic inhibiting 10% or 30% of wild-type growth, respectively), with log2

depletion ratios at or slightly above the cutoff level of significance, respectively, and Z
scores higher than 2 for both conditions (Fig. 3, right). The log2 depletion ratio of
CGgyrB in response to the colistin (COL) IC30 was slightly below 2, while the Z score was
above the cutoff level of significance. However, CGgyrB was not hypersensitive to the
colistin IC10, as the log2 depletion ratio and Z score were lower than 2. Similarly, CGgyrB
did not show enhanced sensitivity to the other antibiotics tested (Fig. 3, right), and with
the exception of mutant 73-14C5 (see below), the CG mutants were not sensitive to
novobiocin (Fig. 3, left). Altogether, the assay was able to detect specific sensitivity of
CGgyrB to its corresponding antibiotic.

Estimating bacterial growth by turbidimetry or colony size is limited by the detec-
tion range of the spectrophotometer or the resolution of the visualization tool used,
respectively. Tracking bacterial growth by Illumina sequencing should have a greater
detection range limited only by the depth of coverage. In addition, Illumina sequencing
allows mutant detection during competitive growth. To investigate the contribution of
competitive growth to the specific enhanced sensitivity of CGgyrB when exposed to
novobiocin, CGgyrB was grown in a pool at one rhamnose concentration with 3 other
CG mutants, and their relative abundances were compared when they were grown
competitively in a pool or grown clonally by Illumina sequencing. The depletion of
CGgyrB in response to novobiocin was greater than 17-fold when grown in coculture
with 3 other CG mutants and 2-fold when grown clonally (Table 2). Competitive growth

FIG 3 Competitive ESA detects the sensitization of CGgyrB to novobiocin. Log2 depletion ratios and Z scores from
two independent experiments are overlaid. (Left) CG mutant enhanced sensitivity to novobiocin. CG mutants
showing enhanced sensitivity to novobiocin are labeled. (Right) Antibiotic profile of the GyrB-depleted CGgyrB
mutant. Antibiotics causing enhanced sensitivity are labeled.
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did increase the sensitization of CGgyrB when exposed to an IC10 of novobiocin, but not
an IC10 of chloramphenicol (CHL). The fold depletion of clonally grown strains mea-
sured by Illumina sequencing was consistent with that calculated by measuring the
OD600 (Table 2). The observed low sensitivity of the clonal enhanced-sensitivity assay
was expected, as novobiocin was used at the very low IC10. However, this slight
inhibitory concentration was sufficient to cause severe depletion of the CGgyrB mutant
growing within the pool. These results demonstrate that competitive growth can
enhance the specific sensitivity of a CG mutant to its cognate antibiotic.

The competitive enhanced-sensitivity assay revealed a TCS involved in regu-
lation of antibiotic resistance. The transposon insertion of mutant 73-14C5 is located
58 bp upstream of the 3= end of the BURCENK56V_RS04770 locus, which seems to form
an operon with the downstream gene BURCENK56V_RS04765. While it is not clear
whether the transposon insertion in mutant 73-14C5 functionally disrupted RS04770,
RS04765 is under the control of the rhamnose promoter. In the B. cenocepacia K56-2
draft genome (29), RS04770 and RS04765 are preliminarily annotated as a histidine
kinase-coding gene and an XRE family transcriptional regulator gene, respectively,
suggesting that they form a TCS. These genes are homologs of BCAL0471 and
BCAL0472, respectively, in the complete B. cenocepacia J2315 genome (3). By
profiling the pilot CG library with several growth inhibitors, we found that the CG
mutant 73-14C5 had significant depletion ratios in response to novobiocin (Fig. 3A
and 4A), chloramphenicol, tetracycline, kanamycin (KAN), and carbonyl cyanide
m-chlorophenylhydrazone (CCCP) (Fig. 4A). CG mutant 73-14C5 was not sensitive to
hydrogen peroxide (H2O2), colistin, or dimethyl sulfoxide (DMSO). The enhanced sen-
sitivity of 73-14C5 to antibiotics tested in the competitive ESA, as well as ciprofloxacin
(CIP) and meropenem (MER), was confirmed by growing the strains clonally and
calculating the depletion ratio based on the OD600s of the cultures. In agreement with
the results from the competitive ESA, mutant 73-14C5 showed a similar antibiotic
profile and also demonstrated enhanced sensitivity to ciprofloxacin and meropenem
(Fig. 4B). The CG mutants 79-30H5 and 81-36C9 (26), which contain the transposon
insertion in the same location and were independently obtained, showed similar
profiles (data not shown). Taken together, these results show that this TCS is involved
in resistance to different classes of antibiotics, including inhibitors of cell wall synthesis
(meropenem), DNA replication (novobiocin and ciprofloxacin), and protein synthesis
(tetracycline, kanamycin, and chloramphenicol). The RS04770 and RS04765 genes were
designated esaS and esaR, respectively.

Mutational analysis of the esaSR locus suggests that esaR is an essential gene.
The transposon insertion site within the 3= end of esaS and upstream of esaR in 73-14C5
suggested that the CG phenotype was due to downregulation of esaR in the absence
of rhamnose. In the majority of our CG mutant library, downregulation of essential
genes by the rhamnose-inducible promoter resulted in the absence of growth (26).
Instead, 73-14C5 displayed 50% of wild-type growth in the absence of rhamnose
(Fig. 5A), suggesting that downregulation of esaR expression caused a fitness defect but
that the gene was not essential. Alternatively, low protein turnover or leaky levels of

TABLE 2 Comparison of enhanced sensitivities of pooled and clonally grown CG mutants

Growth; measurementa

Fold depletionb

CGgyrB 67-5H10 86-3D16 96-1K12

NOV pool; NGS 17.16 (2.81) 1.36 (0.39) 1.09 (0.13) 0.64 (0.20)
NOV clonal; NGS 2.37 (0.30) 1.11 (0.20) 1.13 (0.08) 0.80 (0.05)
NOV clonal; OD600 2.60 (0.09) 1.19 (0.05) 1.13 (0.12) 0.87 (0.06)
CHL pool; NGS 1.17 (0.11) 1.03 (0.23) 0.75 (0.12) 0.92 (0.04)
CHL clonal; NGS 0.88 (0.05) 1.09 (0.18) 1.16 (0.16) 1.03 (0.04)
CHL clonal; OD600 1.16 (0.12) 1.45 (0.03) 1.30 (0.10) 1.22 (0.04)
No ATB pool/no ATB clonal; NGS 1.07 (0.35) 0.99 (0.38) 1.27 (0.07) 0.93 (0.01)
aATB, antibiotic; NGS, next-generation sequencing.
bMeans (standard deviations) of the results of two independent experiments.
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expression from the rhamnose-inducible promoter even in the absence of rhamnose
may provide cellular levels of an essential protein that are compatible with viability and
a low-growth phenotype (30). To further explore the essentiality of the esaSR locus, we
set out to perform gene deletion experiments. We first attempted deletion of the
complete esaSR locus with a mutagenesis system that uses the homing endonuclease
I-SceI (31). First, we delivered a suicide plasmid carrying a trimethoprim (TMP) resis-
tance cassette, the flanking regions of esaSR, and the I-SceI recognition site to B.
cenocepacia K56-2, resulting in TMP-resistant transformants arising from the plasmid-
targeted insertion into the chromosome via a first event of homologous recombination.
Next, we introduced the plasmid pDAI-SceI, which constitutively expresses the I-SceI
nuclease and contains a TET resistance cassette. I-SceI causes a double-strand break in
the inserted plasmid sequence, which stimulates intramolecular recombination. The
resolution of this cointegrate can either restore a wild-type configuration or cause a
gene deletion, depending on the site of the crossover. This second event of recombi-
nation can be selected by screening colonies for TMP susceptibility, which corresponds
to loss of the antibiotic resistance marker. Typically, 50% of the TMP-sensitive screened
colonies harbor the deletion genotype, which can then be confirmed by colony PCR

FIG 4 Antibiotic profile of CG mutant 73-14C5, underexpressing EsaR. (A) Antibiotic profile of CG mutant 73-14C5 from the
competitive ESA. Log2 depletion ratios and Z scores for each antibiotic treatment from two independent experiments are
overlaid. Antibiotics causing hypersensitivity are labeled. (B) Enhanced sensitivity measured by OD600. Shown are the depletion
ratios of 73-14C5, 72-10F11 (the CG mutant cocultured with 73-14C5 in the competitive ESA), and B. cenocepacia K56-2 WT
strain in response to antibiotics. The depletion ratio was calculated by dividing the OD600 of the no-antibiotic control by the
OD600 under the antibiotic condition. The error bars represent the standard deviations of the results of three independent
experiments.
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using appropriate primers. We reasoned that if esaR was essential, resolution of the
cointegrate would result in 100% wild-type configurations. Two consecutive attempts
to delete esaSR resulted in 100% wild-type configurations. We then attempted to delete
the esaSR locus for a third time while simultaneously attempting to delete only esaS.
After the first event of recombination and for each deletion experiment, 24 TMP-
resistant colonies harboring pDAI-SceI were grown in the absence of TMP and screened
for loss of the TMP resistance phenotype. Fifteen and seven colonies were found to be
TMP susceptible for the esaS and the esaSR locus deletion attempts, respectively. Of
those, two colonies were found to have a deletion of the esaS gene (see Fig. S4 in the
supplemental material). In contrast, all the colonies corresponding to the esaSR deletion
attempt had reverted to the wild-type configuration. The success in obtaining an
unmarked deletion of the histidine kinase gene, esaS, but not of the whole TCS locus,
esaSR, confirms that esaS is dispensable and strongly suggests that esaR is essential for
growth. The esaS gene deletion mutant (ΔesaS) was named MKC4 and selected for
further phenotypic analysis. To investigate the phenotype caused by depletion of esaR,
we placed the rhamnose-inducible promoter upstream of esaR by site-directed mu-
tagenesis, leaving intact the esaS locus. This new CG mutant was called MKC2 (CGesaR).
In the absence of rhamnose, MKC2 showed a more severe growth defect than 73-14C5,
while MKC4 displayed a moderate growth defect, intermediate between 73-14C5 and
the wild type (Fig. 5A).

The esaSR locus is involved in drug efflux activity and cell membrane integrity.
To confirm that the esaSR locus is related to antibiotic resistance in B. cenocepacia, we
determined antibiotic MICs against B. cenocepacia K56-2 wild type, MKC2 (CGesaR),
MKC4 (ΔesaS), and 73-14C5 (Table 3). Since MKC2 (CGesaR) has a pronounced
growth defect, a CG mutant, 83-37D12, that has a growth defect similar to that of
MKC2 (CGesaR) in the absence of rhamnose was included in the assay (Fig. 5) (26).
In 84-37D12, the rhamnose-inducible promoter controls the expression of four
genes, BURCENK562V_RS02270, BURCENK562V_RS02265, BURCENK562V_RS02260,
and BURCENK562V_RS02255, that are predicted to be in an operon (32) and involved
in purine metabolism (33). The MIC ratios, calculated as the fold change in the MIC for
the wild type with respect to that of each mutant grown without rhamnose (Fig. 5B),

FIG 5 Depletion of EsaR and EsaS causes a growth defect and lower MICs of select antibiotics. (A) Growth curves
of strains grown in LB in the presence and absence of rhamnose. B. cenocepacia K56-2 wild type, Œ, rhamnose, �,
no rhamnose; 73-14C5 (CG transposon mutant of esaR), e, rhamnose, �, no rhamnose; MKC2 (CGesaR), �,
rhamnose, }, no rhamnose; MKC4 (ΔesaS), o, rhamnose, Œ, no rhamnose; and 84-37D12, �, rhamnose, �, no
rhamnose. The error bars represent the standard deviations of the results of at least two independent experiments.
(B) MIC ratios of MKC2 (CGesaR), MKC4 (ΔesaS), 73-14C5 (CG transposon mutant of esaR), and 84-37D12 (CG
transposon mutant unrelated to esaR) in response to CHL, TET, CIP, NOV, KAN, MER, DMSO, and H2O2. The MIC ratio
was calculated as the MIC of the wild type divided by the MIC of the mutant in the absence of rhamnose. The MICs
used for the MIC ratio calculation are listed in Table 3. The median MIC ratios and standard deviations of the results
of at least three independent experiments are shown.
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were in agreement with the antibiotic sensitivity profile of 73-14C5 in the ESA (Fig. 4).
Both mutants in which the rhamnose-inducible promoter controls the expression of
esaR showed at least a 4-fold decrease in the MICs of chloramphenicol, tetracycline,
ciprofloxacin, novobiocin, and meropenem in the absence of rhamnose. The mutant
unrelated to MKC2 but possessing a similar growth defect, 84-37D12, did not show the
same level of sensitivity as the esaR-depleted strains. This result, in concordance with
the antibiotic sensitivity of the EsaR-depleted mutant, 73-14C5, which does not have a
severe growth defect, indicates that the increased MIC ratio for MKC2 (CGesaR) is not
an effect of the lack of growth. MKC4 (ΔesaS) showed at least 4-fold chloramphenicol,
tetracycline, and novobiocin MIC ratios, but not of the other antibiotics tested. None of
the esa mutants showed this increased level of sensitivity to DMSO or hydrogen
peroxide compared to the wild type (Fig. 5B and Table 3). Since the esaR and esaS
mutants were sensitive to different classes of antibiotics, we investigated whether
mutation at these loci causes a lack of efflux, resulting in the increased sensitivity to
antibiotics. Efflux activity was assessed by measuring the fluorescence from
�-naphthylamine, which is the cleavage product produced immediately upon the
uptake of L-alanine �-naphthylamide (Ala-Nap) into the cell (34). As Ala-Nap is known
to be a substrate of the MexAB-OprM efflux pump of Pseudomonas aeruginosa and the
AcrAB-TolC pump of Escherichia coli, an increase in fluorescence indicates inhibition of
efflux activity (34). Mutants 73-14C5 and MKC2 (CGesaR) had approximately 8- and
3-fold increases in fluorescence, respectively, compared to the wild type at the 1-hour
time point of the assay (Fig. 6A). This increase in fluorescence over time was observed
for 73-14C5 and MKC2 (CGesaR) when grown overnight without rhamnose. When
grown in the presence of rhamnose to induce expression of esaR, the level of fluores-
cence produced by 73-14C5 and MKC2 (CGesaR) was as low as that of the K56-2 wild
type, indicating a role of EsaR in activating efflux or maintaining the integrity of the
membrane (Fig. 6A). The effect of deleting esaS was not as strong, as MKC4 (ΔesaS)
displayed only a 1.5-fold increase in fluorescence compared to the wild type.

In an effort to induce efflux prior to the Ala-Nap uptake assay, we pretreated the
cells with chloramphenicol for 3 h in the absence of rhamnose. Similar to the results
shown in Fig. 6A, untreated 73-14C5 and MKC2 (CGesaR), but not MKC4 (ΔesaS),
observed an increase in fluorescence relative to that of wild-type cells (Fig. 6B), and the
difference was statistically significant (WT versus 73-14C5, P � 0.01; WT versus MKC2,
P � 0.05). Chloramphenicol caused a decrease in the fluorescence of the wild-type cells
compared to the nonantibiotic control (WT without CHL versus WT plus CHL, P �

0.001), suggesting that chloramphenicol induced efflux. In agreement with a role of
esaS in chloramphenicol-mediated induction of efflux, MKC4 (ΔesaS) did not show any
decrease in fluorescence in the presence of chloramphenicol. On the contrary, fluores-

TABLE 3 MICs of select antibiotics against B. cenocepacia K56-2 WT, MKC2 (CGesaR),
MKC4 (ΔesaS), 73-14C5 (CG transposon mutant of esaR), and 86-37D12 (CG transposon
mutant unrelated to esaR)

Druga

MICb

WT
(no rha)

MKC4
(�esaS)
(no rha)

MKC2 (CGesaR) 73-14C5 84-37D12

No rha Rha No rha Rha No rha Rha

CHL 16 4 1 16 4 16 16 32
TET 8 1.5 0.75 4 0.5 8 8 8
CIP 2 2 0.125 3 0.25 2 2 2
NOV 8 2 1 12 4 2 8 8
MER 32 24 4 48 8 8 64 64
KAN 1,000 1,000 187.5 1,000 250 1,000 1,000 1,000
H2O2 0.1875 0.234375 0.140625 0.28125 0.1875 0.1875 0.1875 0.1875
DMSO 12.5 12.5 9.375 12.5 12.5 12.5 12.5 12.5
aCIP, ciprofloxacin; MER, meropenem.
bMedian MICs (micrograms per milliliter, except H2O2 [millimolar] and DMSO [percent {vol/vol}]) from three
independent experiments; rha, rhamnose.
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cence increased nearly 2-fold compared to the no-chloramphenicol condition (P �

0.05) (Fig. 6B). There were no significant differences between untreated and
chloramphenicol-treated cells when they were depleted of esaR (73-14C5 and MKC2).
Treatment of wild-type cells with the proton gradient-uncoupling agent CCCP signifi-
cantly inhibited efflux in wild-type (WT versus WT with CCCP, P � 0.01) and ΔesaS
(MKC4 versus MKC4 plus CCCP, P � 0.01) cells but did not result in a significant increase
in fluorescence in the EsaR-depleted mutants.

Differential interference contrast (DIC) microscopy imaging was used to further
characterize the phenotypes of EsaS- and EsaR-depleted cells. After 24 h of growth in
the presence of rhamnose, MKC2 (CGesaR) and 84-37D12 showed rod-shaped mor-
phology, similar to the wild-type phenotype (see Fig. S7 in the supplemental material).
All of the EsaR-depleted MKC2 (CGesaR) cells examined were small, spherical cells, while
MKC4 (ΔesaS) and 84-37D12 cells had rod shapes more similar to that of the wild type
when grown for 24 h without rhamnose (Fig. 7). In the Ala-Nap assay, the strong
fluorescent signal and lack of chloramphenicol-induced efflux in MKC2 (CGesaR) and

FIG 6 Efflux activities of B. cenocepacia K56-2 WT, 73-14C5 (CG transposon mutant of esaR), MKC2 (CGesaR), and
MKC4 (ΔesaS). Efflux activity was assessed by measuring the relative fluorescence produced by cultures
treated with Ala-Nap. The rate of uptake of nonfluorescent Ala-Nap and immediate cleavage to fluorescent
�-naphthylamine are indicative of the efflux activity of the cell. (A) Relative fluorescence values of cultures over
time when grown overnight in the presence (open symbols) and absence (solid symbols) of rhamnose (rha). The
results shown are representative of three independent experiments. (B) Relative fluorescence values of
chloramphenicol-treated and untreated cultures at the 1-h time point of the Ala-Nap assay. Cultures grown
overnight without rhamnose were adjusted to an OD600 of 1.0 and incubated in the absence (black bars) or in the
presence (white bars) of CHL for 3 h prior to the Ala-Nap assay. Ten minutes into the assay, 10 �M CCCP was added
to the cells to disrupt efflux (gray bars). The error bars represent the standard deviations of two biological
replicates. A t test was performed with GraphPad software to determine significant differences. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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73-14C5 raised the question of whether efflux is solely responsible for the increased
uptake of Ala-Nap or if the lack of EsaR also compromises the cell membrane. To
explore the membrane integrity of esaR-depleted cells, we examined microscopy
images of cells stained with the fluorophores SYTO9 and propidium iodide (PI). SYTO9
is a green-fluorescent nucleic acid stain capable of passing through intact membranes,
while PI is a hydrophobic red-fluorescent nucleic acid stain that stains only cells with
compromised membranes. PI staining was observed in 50% of the EsaR-depleted MKC2
(CGesaR) cells, indicating that EsaR-depleted cells have compromised membranes (Fig.
7). The other strains examined had intact cell membranes, as less than 4% of WT, MKC4
(ΔesaS), and 84-37D12 cells were stained with PI (Fig. 7). Together with the increased
MIC ratios of 73-14C5, MKC2 (CGesaR), and MKC4 (ΔesaS) combined with the increased

FIG 7 B. cenocepacia cells have a compromised membrane when depleted in EsaR. Cultures of WT, MKC2 (CGesaR),
MKC4 (ΔesaS), and 84-37D12 (CG mutant unrelated to esaR), incubated for 24 h in the absence of rhamnose, were
stained with STYO9 and PI from the BacLight LIVE/DEAD bacterial viability kit (Molecular Probes) and visualized by
fluorescence microscopy. Fluorescent green bacteria indicate intact membranes, while fluorescent red cells
represent bacteria with compromised membranes. The average percentage of fluorescent red cells and standard
deviations (in parentheses) from two independent experiments are shown.
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Ala-Nap uptake in esaR-depleted cells and esaS-depleted cells treated with chloram-
phenicol, our results strongly suggest that the B. cenocepacia esaSR two-component
system regulates resistance to antibiotics by maintaining cell envelope integrity and
through efflux activity.

DISCUSSION

In this work, we identified and characterized a two-component system as a prom-
ising antibiotic target for Bcc infections. We used a pilot CG library underexpressing
essential genes, grown competitively in a pool, and quantified their relative abun-
dances using next-generation sequencing. The pilot CG library included a gyrB CG
mutant (CGgyrB) previously shown to have enhanced sensitivity in the presence of
sublethal concentrations of novobiocin, when measured by OD600 (26). Growing CG
mutants together in the competitive ESA magnified the level of enhanced sensitivity of
CGgyrB to novobiocin (Fig. 3). We consider pooled growth to be more advantageous
than clonal growth, as it reduces the amounts of reagents required—notably, the
amount of compound needed—and does not require specialized robotic equipment or
imaging software. Tracking the relative abundances of competitively grown mutants by
Illumina sequencing increases the dynamic range of sensitization detection compared
to measuring mutant growth by OD600. In any assay, expanding the signal window
allows more accurate discrimination of signal from noise. The ability to generate a
strong signal using a low dose of compound is significant because using higher doses
of compound can have an obscuring effect, as it increases the signal of not only the
strain underexpressing the target, but all the strains, due to nonspecific toxicity. The
increased hypersensitivity from competitive growth that we observed, coupled with
the nearly unlimited dynamic range of detection of Illumina sequencing, shows prom-
ise for the method to generate detailed mutant profiles. The identification of both
strongly and moderately sensitized mutants creates profiles for novel compounds that
can inform genes capable of buffering compound activity and in turn facilitate rational
drug design and point to potential combination therapies. Another reason for gener-
ating comprehensive mutant profiles to determine MOA is that, while depletion of the
antimicrobial target is likely to have the strongest signal, this is not always the case. A
contrary example is aminoglycosides, where the mutant profiles show that the mech-
anism of killing is similar to that of membrane-disrupting antibiotics (35) and does not
reflect its target, the ribosome (36). In addition to novobiocin, CGgyrB showed margin-
ally enhanced sensitivity to tetracycline (IC10 and IC30) and colistin (IC30), which
highlights the complexity of sensitization profiles for compounds, even when the
compounds are associated with a single target. A likely explanation is that the hyper-
sensitivity of nontarget CG mutants to a compound may be observed when there is an
associated cellular process involved. Donald et al. (35) reported that a GyrB-depleted
strain of Staphylococcus aureus showed enhanced sensitivity to daunorubicin, a
tetracycline-like compound. While inhibition of DNA gyrase activity interferes with DNA
replication (37, 38), daunorubicin intercalates within DNA and causes DNA fragmenta-
tion and single-strand breaks (39). Therefore, inhibition of DNA replication may sensi-
tize S. aureus to daunorubicin. Underexpression of gyrB sensitizes B. cenocepacia (this
study) and S. aureus (35) to tetracycline. Despite the ribosome being the primary target
of tetracycline (40), tetracycline can also can bind and introduce damage to DNA, which
is enhanced by the formation of metal complexes (41, 42). GyrB depletion also
sensitized B. cenocepacia to colistin, although the effect was observed only with colistin
at the IC30. Colistin is a polypeptide antibiotic of the polymyxin family that targets the
cell membrane through initial interaction with the lipopolysaccharide portion of the
outer membrane (43). While the reasons for the marginally enhanced sensitivity of
the B. cenocepacia CGgyrB mutant to colistin are not known, a likely explanation is that
both inhibition of DNA replication by gyrB depletion and the action of colistin increase
the production of reactive oxygen species (ROS), contributing to the sensitization
mechanism. Although there are no data available for novobiocin- or colistin-mediated
ROS production, the fluoroquinolone moxifloxacin, at a concentration that inhibits the

Gislason et al. Antimicrobial Agents and Chemotherapy

January 2017 Volume 61 Issue 1 e00790-16 aac.asm.org 12

http://aac.asm.org


DNA gyrase, induced the production of hydroxyl radical (44). Similarly, polymyxin B was
shown to kill Acinetobacter baumannii by hydroxyl radical production (45). In addition
to identifying the drug binding targets, the increased signal in the competitive
enhanced-sensitivity assay facilitates the identification of subtle interactions of affected
pathways by generating an intricate CG mutant profile for each antibiotic to determine
the MOA of novel antibiotics. These detailed mutant profiles can provide a tool to direct
chemical engineering during compound optimization.

While we were able to reliably quantify the relative abundances of the CG mutants
in the pilot CG library, using a single multiplex PCR restricted the number of strains we
were able to screen, which is a limitation of the assay. No correlation was found
between the amplicon size, thermodynamic properties of the primers or amplicons, and
relative detection or amplification variability of the CG mutants (data not shown).
However, it is possible to include more CG mutants using a manifold of individually
optimized multiplex PCRs, as was done previously (35). Creating amplicons by other
methods, such as the Tn-seq circle (46), or using barcoded transposons, as in RB-TnSeq
(47) or TagModules (48), which do not require the use of multiplex PCR primers, would
be more amenable to the addition of new strains in the ESA, since they do not require
previous knowledge of transposon insertion sites or optimization of multiplex PCRs.
This would be advantageous, since profiling more strains through the ESA would
increase the likelihood of matching novel growth inhibitors to their targets.

Profiling the sensitivities of the CG mutants to several antibiotics uncovered a CG
mutant of a TCS that was hypersensitive to several classes of antibiotics. This putative TCS
(EsaSR) is encoded by BURCENK56V_RS04770 and BURCENK56V_RS04765, which likely
form an operon. The B. cenocepacia K56-2 esaSR genes are homologous to the BCAL0471-
BCAL0472 genes, which have also been annotated as forming a putative TCS in the B.
cenocepacia J2315 genome (33). Remarkably, the BCAL0471-BCAL0472 locus is just 1
of more than 40 TCSs that remain uncharacterized in B. cenocepacia genomes. TCSs
are used by bacteria to sense environmental stimuli through a membrane-bound
histidine kinase that activates a cytoplasmic response regulator that in turn medi-
ates changes in gene expression (49). Many TCSs have been implicated in the
regulation of antibiotic resistance (50–52) through the overexpression of efflux
pumps (53–58) or maintaining cell membrane integrity (59–62). Outer membrane
permeability and efflux activity are synergistic processes that are often associated
(63). Reactive oxygen and nitrogen species are known to induce expression of efflux
pumps through activation of TCSs (64–66), and outer membrane permeability can
be regulated in response to oxidative stress (67). It is notable that the sensor
histidine kinase (BURCENK56V_RS04770) contains a PAS domain, which is used to
sense the redox state of the cell in many prokaryotes (68).

Genetic analysis of the esaSR locus strongly suggests that esaR is an essential gene.
Gene essentiality is challenging to demonstrate experimentally. Systems in which a
gene is deleted in the presence of a second copy expressed from a plasmid are
available for some bacteria (69). In those cases, plasmid maintenance in the absence of
selection is deemed to be a confirmation of gene essentiality (70). The limited avail-
ability of genetic tools for B. cenocepacia precluded us from using this approach.
However, we demonstrated that although the first event of homologous recombination
directed at mutagenizing esaR was achieved, resolution of the cointegrate in the
merodiploids always produced excision of the integrated plasmid with reversion to the
wild-type conformation. In contrast, parallel experiments aimed at deleting esaS re-
sulted in esaS deletion mutants. This observation strongly suggests that while esaS is
dispensable, esaR is not. In support of this, a recent high-density transposon mutagen-
esis study in B. cenocepacia J2315 did not identify any mutants with insertions in the
homolog of esaR, BCAL0472, indicating that it is essential, while mutants with insertions
that disrupted esaS were recovered (71). A few essential TCSs with a regulatory role in
cell wall homeostasis have been described (62, 72). The S. aureus WalKR system is
remarkable in that temperature-sensitive mutants are also hypersusceptible to antibi-
otics (73). It is possible, then, that the essentiality of B. cenocepacia esaR is related to a
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similar role, controlling cell envelope processes. We have demonstrated that depletion
of esaS or esaR also results in an increase of fluorescence during the Ala-Nap uptake
assay, which suggests reduced efflux of the Ala-Nap reagent. However, to expose the
involvement of esaS in activating efflux, previous treatment with chloramphenicol was
necessary (Fig. 6B). Instead, depletion of EsaR increases Ala-Nap uptake regardless of
previous induction with chloramphenicol, indicating that esaS and esaR can regulate
different processes, efflux and membrane integrity. The lack of increased Ala-Nap
uptake by both the CCCP-treated MKC2 (CGesaR) and 73-14C5 suggests that depletion
of esaR causes either a comprehensive shutdown of efflux or an increase in the
permeability of the membrane. The fact that 73-14C5 was hypersensitive to CCCP
supports the latter explanation, since a cell with an unstable membrane would be more
susceptible to disruption of the proton motive force. The results from the Ala-Nap
uptake assay are consistent with the microscopy images showing that MKC2 (CGesaR)
has a compromised membrane, while the lack of PI staining in MKC4 (ΔesaS) indicates
an intact membrane. Importantly, while the differential staining by STYO9 and PI is
conventionally used to assess cell viability, cells stained with PI may be viable (74).

It is tempting to speculate that EsaS-dependent phosphorylated EsaR activates
efflux pump genes but unphosphorylated EsaR is capable of regulating cell envelope
processes. Therefore, while esaS seems to regulate antibiotic-induced efflux, it remains
to be demonstrated to what extent the role of esaR is related to regulation of efflux
pumps, cell envelope homeostasis, or a contribution of both mechanisms.

Much interest has been focused on TCSs as valuable drug targets due to the fact
that TCSs are not present in humans and targeting them could reduce virulence (75, 76)
and antibiotic resistance (76). Inhibitors of a TCS involved in antibiotic resistance could
provide effective therapies for treating infections by multidrug-resistant bacteria, in
combination with antibiotics. A TCS that mediates resistance to different antibiotics
represents a lucrative target in B. cenocepacia for combatting antibiotic resistance, since
inhibitors of the TCS could render the strain susceptible to antibiotics currently in use.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Fifty-six strains (see Table S1 in the supplemental

material) from a library of B. cenocepacia K56-2 CG mutants (26, 27) were used. All the strains were
cultured in Luria Bertani (LB) medium (Difco, Becton, Dickenson and Company, Sparks, MD, USA)
supplemented as required with 100 �g/ml TMP and different inducing concentrations of rhamnose with
shaking at 37°C. Standardized glycerol stocks of B. cenocepacia K56-2 (wild type) or CG mutants within
the same rhamnose category pooled in equal amounts were prepared as previously described (26). For
growth in 96-well plates, glycerol stocks were thawed, inoculated at a final optical density (OD600) of
0.001 in a total volume of 200 �l, and incubated at 37°C with shaking at 220 rpm for 22 h. Growth (OD600)
was measured using a BioTek Synergy 2 plate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Growth inhibitors. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless other-
wise indicated. NOV, CHL, TET, KAN, COL, CCCP, H2O2, and DMSO were supplemented at IC10s and IC30s
for wild-type growth. To calculate the IC10 and IC30, standardized glycerol stocks of B. cenocepacia K56-2
were inoculated in 96-well plates with and without a 2-fold dilution series of each antibiotic. After
incubation, growth was measured by OD600, and the inhibitory concentrations were predicted by
nonlinear regression analysis by fitting the log10 (inhibitor) OD600 readings to the Hill equation using
GraphPad Prism (GraphPad Software Inc., La Jolla, CA).

Multiplex PCR optimization, amplicon library preparation, and Illumina sequencing of ampli-
cons. A multiplex primer set was designed (77), consisting of a common transposon-specific forward
primer and genome-specific reverse primers (see Table S2 in the supplemental material), to amplify the
transposon-genome interface of each CG mutant (see Table S1 in the supplemental material) in a
multiplex PCR (Fig. 1). The starting template concentration and number of cycles that produced
exponential amplification of the amplicon pool was determined by quantitative PCR (qPCR) using IQ
SYBR green Supermix (Bio-Rad) in a Bio-Rad IQ5 thermocycler (Bio-Rad, Hercules, CA, USA). Since the
qPCR showed the average amplification of all the amplicons, next-generation sequencing was used to
determine the amplification reproducibility of the individual CG mutants. Each 100-�l multiplex PCR used
20 ng of genomic DNA template, IQ Supermix (Bio-Rad, Hercules, CA, USA), and individual primer
concentrations adjusted to achieve reproducible amplification of each CG mutant (see Table S2 in the
supplemental material). The reactions were done in an Eppendorf Mastercycler ep gradient S thermal
cycler (Eppendorf Canada Ltd., Mississauga, ON, Canada) using 5 min of denaturation at 95°C and 27
cycles of denaturation at 95°C for 30 s, annealing at 67°C for 30 s, and extension at 72°C for 30 s, followed
by a final extension at 72°C for 10 min. Amplicons created in the multiplex PCR containing the
transposon-genome interface were size selected using Agencourt AMPure XP beads (Beckman Coulter,
Brea, CA, USA) and used as the template for the indexing PCR. To identify amplicons created using
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different primer concentrations, indexing primers containing 5= adapters with the index sequences and
Illumina MiSeq-specific adapter sequences (Nextera Index kit; Illumina Inc., San Diego, CA) were added
to the amplicons under PCR conditions recommended by the manufacturer. The amplicons were
sequenced on an Illumina MiSeq (Illumina Inc., San Diego, CA) platform at the Children’s Hospital
Research Institute of Manitoba (Winnipeg, Canada) using either a micro- or standard flow cell, following
the manufacturer’s instructions.

Data analysis. We previously determined the locations of the insertion sites of the CG mutants by
sequencing the transposon-genome interface of each CG mutant and aligning the resulting read against
the genome of B. cenocepacia J2315 (26). This information was used to create a file containing the
genomic portions of the amplicon sequences for each CG mutant. Demultiplexed fastq files obtained
from sequencing were converted to fasta using prinseq-lite version 0.20.3 (78). The sequences in the
forward-read fasta files were filtered to include only the reads containing the transposon sequence and
aligned with the amplicon sequences of the CG mutants using a standalone version of BLASTn from NCBI
(79). The amplicon count from BLASTn was converted to tabular format using the command line outfmt
6. For determining amplicon read counts, sequences with more than 90% identity, at least 45-base
alignment to an amplicon in the BLAST library, and a transposon score greater than 39 were included in
the analysis. For the antibiotic and no-antibiotic (control) treatments, reads corresponding to a CG
mutant were normalized as the RA of the total reads per index (treatment). CG mutant depletion ratios
in response to an antibiotic (DRantibiotic) were calculated as a log10 of the mean RAcontrol divided by the
RAantibiotic. To determine the significance of depletion, Z scores were calculated using error models
(DRcontrol) generated for each mutant from replicate controls: Z � (DRantibiotic � mean DRcontrol)/mean
(|DRantibiotic � mean DRcontrol|).

CG mutants with log2 depletion ratios and Z scores greater than 2 were deemed significantly
depleted under a given condition.

Artificial depletion of CG mutants. Pools of CG mutants were created from the pilot CG library by
growing the selected strains clonally and then combining them in specific ratios based on their OD600s.
CG mutants were combined in equal amounts (pool A), and four depletion pools were generated from
the same clonally grown strains, with selected mutants depleted by 10-fold or 100-fold (pools B, C, D, and
E), in comparison with the library pooled in equal amounts. The transposon-genome interface of the CG
mutants in each pool was then amplified by two-step PCR and sequenced in parallel on the Illumina
MiSeq. Depletion of each CG mutant was assessed by comparing the percent abundance of each mutant
in the depleted pool to the percent abundance of CG mutants pooled in equal amounts.

Competitive enhanced-sensitivity assay. Each CG mutant of the pilot CG library was categorized
into rhamnose categories based on similar growth phenotypes in response to rhamnose, as described
previously (26). CG mutants that reached 30 to 60% of wild-type growth at a given rhamnose concen-
tration were combined for growth in pools (see Fig. S1 in the supplemental material). For the assay,
standardized glycerol stocks containing CG mutants pooled in equal amounts were thawed and
inoculated at a final OD600 of 0.001 in 96-well plates with the chosen rhamnose concentrations and
antibiotics. After incubation for 22 h with shaking at 220 rpm, equal volumes of mutant pools exposed
to the same treatment were combined, and the genomic DNA of each library was extracted. Amplicon
libraries of the CG mutant transposon-genome interfaces were prepared by two-step PCR. First, adaptors
were added by a multiplex PCR that uses a common transposon-specific forward primer and a genome-
specific reverse primer, both of which contain 5= adapter sequences. Then, an index PCR added indexes
to the amplicons using primers complementary to the adapter sequences and containing 5= indexes and
Illumina MiSeq-specific adapter sequences. Each unique index identified the treatment each library was
exposed to (control or antibiotic). Amplicon libraries were sequenced in parallel on the Illumina MiSeq
as described above.

Comparison of pooled and clonal growth. Standardized glycerol stocks of CG mutants (58-14E1,
67-5H10, 86-3D16, and 96-1K12), individually or pooled in equal amounts, from the same rhamnose
group (see Fig. S1 and S4 in the supplemental material) were inoculated at a final OD600 of 0.001 and
grown clonally or in a pool in the presence or absence of novobiocin and chloramphenicol at their IC10s.
After incubation, genomic DNA of the cocultured CG mutants was isolated directly, while the OD600 of
the clonally grown strains was measured, and then equal volumes of each strain were pooled before
extracting the genomic DNA. Indexed amplicon libraries were produced from each condition and
sequenced on the Illumina MiSeq. To compare the relative abundances of each mutant between
treatment conditions, amplicon reads were normalized by dividing the number of reads from each CG
mutant amplicon by the total number of reads for one condition. Fold depletion was determined by
dividing the normalized reads for each CG mutant under the no-antibiotic condition by the normalized
reads from each CG mutant under the antibiotic condition. As a control, the depletion ratios of pooled
growth and clonal growth were compared for each CG mutant under the no-antibiotic condition by
dividing normalized reads for each CG mutant grown in a pool by the normalized reads from each CG
mutant grown clonally.

Construction of the unmarked esaS deletion mutant, MKC4 (�esaS). An unmarked deletion of
esaS (BURCENK56V_RS04770) in B. cenocepacia K56-2 was produced as described by Flannagan et al. (31).
Primers 666 (5=-AGATAATCTAGAGACTTCGAGCTGAATCCGA) and 665 (5=-ATATGGATCCGTTCGGTCACCG
TGAAG) were used to amplify a 450-bp fragment upstream of esaS. Primers 664 (5=-ATATGGATCCCAA
AGGCAGCGTAAATGGCA) and 663 (5=-AATTATCCCGGGGCTTGAGCTTGCGATACAG) were used to amplify
a 450-bp region downstream of esaS. These amplicons were digested with BamHI (New England BioLabs
Inc., Ipswich, MA, USA) and ligated with T4 DNA ligase (New England BioLabs Inc., Ipswich, MA, USA). The
resulting DNA fragment was digested with XbaI and XmaI (New England BioLabs Inc., Ipswich, MA, USA)
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and ligated into the XbaI- and XmaI-digested pGPI-SceI to create plasmid pMC4. To attempt deletion of
the esaSR locus, a 925-bp DNA fragment consisting of 450-bp regions upstream and downstream of
esaSR was synthesized by Blue Heron Biotech, digested with XbaI and XmaI, and ligated into the XbaI-
and XmaI-digested pGPI-SceI to create plasmid pMC5. pMC4 and pMC5 were conjugated into B.
cenocepacia K56-2, and merodiploids were selected on LB agar plates supplemented with 100 �g/ml TMP
and 50 �g/ml gentamicin. To initiate the second recombination event, pDAI-SceI, which carries the yeast
homing endonuclease I-SceI coding gene, was introduced by triparental mating into TMP-resistant
clones. Tetracycline-resistant clones were screened for the loss of TMP resistance, and the recovered
TMP-susceptible clones were screened by colony PCR to isolate deletion mutants. To identify the
deletions of esaS and esaSR, primers 615 (5=-AATTAACATATGGTGATCGTCTCGACCGTCG) and 616 (5=-ATA
TAATCTAGAGATGTAGATGATCCCGCCCG), which amplify 270 bp corresponding to the 5= end of esaS,
were used, as well as primers 666 and 663, which amplify esaS with flanking 500-bp segments upstream
and downstream of the gene (see Fig. S4 in the supplemental material). Confirmed deletion mutants
were passaged in LB broth over a period of 9 days to cure colonies of pDAI-SceI, and selection was done
by replica plating on LB agar plates and LB agar plates supplemented with 100 �g/ml tetracycline.

Site-directed mutagenesis to construct the esaR conditional growth mutant MKC2 (CGesaR).
The 5= end (170 bp) of esaR was amplified via PCR using HotStar HiFidelity polymerase (Qiagen, Hilden,
Germany) with primers 633 (5=-AATTAACATATGATGGCAACCATCCTGGTG) and 634 (5=-ATATAATCTAGA
CATTCCTTGAGCAGCGTGAC), digested with NdeI and XbaI (New England BioLabs Inc., Ipswich, MA, USA),
and cloned into pSC201 immediately downstream of the rhamnose-inducible promoter. The resulting
mutagenesis plasmid, pMC2, was introduced into B. cenocepacia K56-2 by triparental mating (80).
Exconjugants were selected on LB agar plates supplemented with 0.2% rhamnose, 100 �g/ml tri-
methoprim, and 50 �g/ml gentamicin. Insertional mutants were confirmed by PCR using primer 645
(5=-GCCCATTTTCCTGTCAGTAACGAGA) and primer 652 (5=-GCATCCAGATATCGAGCAGCA), which anneal
with pSC201 and a region downstream of the 170-bp 5=-end fragment of esaR, respectively.

MIC ratios. MIC assays were performed in B. cenocepacia K56-2 (wild type), 73-14C5 (CG transposon
mutant of esaR), MKC2 (CGesaR), MKC4 (ΔesaS), and 84-37D12 (CG transposon mutant unrelated to esaR)
in a final volume of 200 �l. Standardized glycerol stocks were diluted to a final OD600 of 0.001 in LB broth
and added to 96-well plates containing 2-fold serial dilutions of the antibiotic to be tested. When
required, rhamnose was added at a final concentration of 0.16% (wt/vol). The highest concentrations of
antibiotics tested were as follows: novobiocin at 64 �g/ml, ciprofloxacin at 64 �g/ml, chloramphenicol
at 64 �g/ml, tetracycline at 64 �g/ml, DMSO at 25% (vol/vol), kanamycin at 8 mg/ml, hydrogen peroxide
at 3 mM, and meropenem at 64 �g/ml. The plates were incubated for 22 h at 37°C without shaking. The
MIC ratios were calculated for each strain as the MIC of the wild type divided by the MIC of the mutant,
grown without rhamnose.

Ala-Nap uptake assay. Efflux activity was determined by measuring the amount of cleavage of
Ala-Nap to fluorescent �-naphthylamine by bacterial cells as previously described (34, 81). Bacteria were
grown overnight in LB or LB with 0.2% (wt/vol) rhamnose where indicated. The cultures were washed
and resuspended in buffer solution (K2HPO4 [50 mM], MgSO4 [1 mM], and glucose [0.4%]) at pH 7.0. To
initiate the reaction, 100-�l cell suspensions at an OD600 of 1.0 were treated with Ala-Nap at a final
concentration of 128 �g/ml in black, 96-well, flat-bottom plates (Corning Inc., Kennebunk, ME, USA).
Fluorescence was measured every 45 s for 1 h on a BioTek Synergy 2 plate reader (BioTek Instruments
Inc., Winooski, VT, USA) with excitation at 360 nm and emission at 460 nm. To induce efflux, cultures at
an OD600 of 1 were incubated in LB with 5 �g/ml chloramphenicol for 3 h with shaking at 37°C. The cells
were then washed, and the OD600 was adjusted to 1 before performing the Ala-Nap uptake assay. For
treatment with CCCP to inhibit active efflux, 10 min into the assay, CCCP was added at a final
concentration of 10 �M.

Microscopy analysis. Bacterial strains were inoculated into 5 ml of LB plus 0.2% rhamnose to a final
OD600 of 0.001 and incubated at 37°C with shaking at 220 rpm for 16 to 17 h. Fifteen microliters of each
strain was then subcultured into 5 ml of LB or LB plus 0.2% rhamnose and incubated at 37°C with shaking
at 220 rpm. After 24 h of incubation, the cultures were diluted 1 in 20 with phosphate-buffered saline
(PBS) to prepare for staining using SYTO9 dye and PI from the BacLight LIVE/DEAD bacterial viability kit
(Molecular Probes). Controls were set up using wild-type B. cenocepacia K56-2 added at a final 1/10
dilution to 4 ml PBS or 4 ml 70% isopropanol as the live and dead controls, respectively (see Fig. S6 in
the supplemental material). The control tubes were incubated at room temperature for 1 h, with quick
vortexing every 15 min. Diluted bacterial samples were stained with 3 �l SYTO9 dye and PI staining
solution for 15 min; 10 �l of samples and controls was spotted onto 1% agarose-coated microscope
slides and covered with coverslips. The slides were imaged using an AxioCamMR attached to an Axio
Imager Z1 (Carl Zeiss) at �1,000 magnification using DIC, rhodamine, and green fluorescent protein (GFP)
fluorescence filters. To determine the proportion of cells with a compromised membrane, 100 fluorescent
cells from each biological replicate were counted, and the average percentage of red cells and the
standard deviation were reported.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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