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ABSTRACT While the misuse of antibiotics has clearly contributed to the emer-
gence and proliferation of resistant bacterial pathogens, with major health conse-
quences, it remains less clear if the widespread use of disinfectants, such as benzalko-
nium chlorides (BAC), a different class of biocides than antibiotics, has contributed to
this problem. Here, we provide evidence that exposure to BAC coselects for
antibiotic-resistant bacteria and describe the underlying genetic mechanisms. After
inoculation with river sediment, BAC-fed bioreactors selected for several bacterial
taxa, including the opportunistic pathogen Pseudomonas aeruginosa, that were more
resistant to several antibiotics than their counterparts in a control (no BAC) bioreac-
tor. A metagenomic analysis of the bioreactor microbial communities, confirmed by
gene cloning experiments with the derived isolates, suggested that integrative and
conjugative elements encoding a BAC efflux pump together with antibiotic resis-
tance genes were responsible for these results. Furthermore, the exposure of the P.
aeruginosa isolates to increasing concentrations of BAC selected for mutations in
pmrB (polymyxin resistance) and physiological adaptations that contributed to a
higher tolerance to polymyxin B and other antibiotics. The physiological adaptations
included the overexpression of mexCD-oprJ multidrug efflux pump genes when BAC
was added in the growth medium at subinhibitory concentrations. Collectively, our
results demonstrated that disinfectants promote antibiotic resistance via several
mechanisms and highlight the need to remediate (degrade) disinfectants in nontar-
get environments to further restrain the spread of antibiotic-resistant bacteria.

IMPORTANCE Benzalkonium chlorides (BAC) are biocides broadly used in disinfec-
tant solutions. Disinfectants are widely used in food processing lines, domestic
households, and pharmaceutical products and are typically designed to have a dif-
ferent mode of action than antibiotics to avoid interfering with the use of the latter.
Whether exposure to BAC makes bacteria more resistant to antibiotics remains an
unresolved issue of obvious practical consequences for public health. Using an inte-
grated approach that combines metagenomics of natural microbial communities
with gene cloning experiments with isolates and experimental evolution assays, we
show that the widely used benzalkonium chloride disinfectants promote clinically
relevant antibiotic resistance. Therefore, more attention should be given to the us-
age of these disinfectants, and their fate in nontarget environments should be moni-
tored more tightly.

KEYWORDS disinfectants, antibiotics, cross-resistance, metagenomics, Pseudomonas
aeruginosa

hile the inappropriate prescription of antibiotics to humans and the misuse of
antibiotics in animal feed are thought to be the leading causes of the increased
frequency of antibiotic resistance observed in recent years, there is an increasing
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concern that widely used disinfectants such as quaternary ammonium compounds
(QAQ) have contributed to the antibiotic resistance problem (1, 2). However, this issue
remains highly debatable because disinfectants typically have a different mode of
action than antibiotics to avoid overlap between these two distinct classes of biocides
that are used for different purposes. Furthermore, previous studies have yet to eluci-
date the underlying mechanisms for the reported linkage between disinfectant expo-
sure and increased antibiotic resistance (3-8). For instance, Pseudomonas aeruginosa, an
important opportunistic human pathogen, acquired a 12-fold increased resistance to
disinfectants upon disinfectant exposure, which was accompanied by a >200-fold
increase in ciprofloxacin resistance (4). The increased ciprofloxacin resistance was
attributed to specific mutations in gyrA, but it remained unclear if the mutations were
indeed induced by the disinfectant, occurred spontaneously, or were a result of the
growth conditions. The different modes of action and target sites between QAC and
ciprofloxacin and the fact that QAC do not target the product of the gyrA gene argue
in support of the latter interpretation.

Furthermore, other studies reported that antibiotic and disinfectant cross-resistance
is absent in environmental, clinical, and industrial isolates, and disinfectant-resistant
pathogens often show increased antibiotic susceptibility (9-13). Even the recent re-
striction in the use of triclosan and triclocarban, another family of disinfectants widely
used in antimicrobial soaps, is not accompanied by consistent evidence on the linkage
between triclosan exposure and antibiotic resistance (14). For instance, several studies
reported decreased susceptibility of Escherichia coli to chloramphenicol, erythromycin,
imipenem, tetracycline, trimethoprim, and other biocides as an effect of exposure to
sublethal concentrations of triclosan (15). However, other studies suggested that there
is no clear link between increased triclosan tolerance and increased antibiotic resis-
tance and actually found that E. coli with increased triclosan tolerance is more sensitive
to aminoglycoside antibiotics (16).

Benzalkonium chlorides (BAC) are the most commonly used members of the QAC
family of disinfectants, have broad-spectrum (i.e., bacterial, algal, fungal, and viral)
biocidal activity, and remain stable for both short- and long-term usage (17). Conse-
quently, BAC are widely used as surface-disinfecting agents in food processing lines
(e.g., poultry facilities), dairy/agricultural settings, health care facilities, and domestic
households and are popular ingredients in over-the-counter cosmetics, hand sanitizers,
and pharmaceutical products (18). Therefore, BAC represent ideal molecules to study
the effect of disinfectant exposure on microbial antibiotic resistance. Understanding
whether the exposure of bacteria to BAC leads to increased antibiotic resistance and,
if so, what the underlying molecular mechanisms might be is important for better
regulating the usage of BAC and minimizing public risk.

To obtain insights into this issue, we exposed a microbial community originating
from a river sediment inoculum (Calcasieu River, USA) to BAC for 3 years in aerobic
fed-batch bioreactors with either dextrin-peptone plus BAC (DPB bioreactor), dextrin-
peptone (DP bioreactor), or BAC only (B bioreactor) as the main carbon and energy
sources, as described previously (6, 19). The Calcasieu River is heavily contaminated
with metals, polycyclic aromatic hydrocarbons, and chlorinated/halogenated organic
compounds. Therefore, its sediment represented an ideal inoculum for our purposes to
identify organisms with resistance to BAC and other organics, since BAC typically
accumulate in nontarget sediments and anoxic habitats (though the exact inoculum
used in the bioreactors did not contain detectable concentrations of BAC at the time
of sampling) (19). Three years of BAC exposure led to significant changes in the
composition of microbial communities compared to that of a control community (DP)
under the same laboratory conditions (see Fig. STA in the supplemental material). The
BAC exposure also selected for efficient degraders of BAC, which we reported previ-
ously together with the identification of a novel BAC-degrading gene cassette (20).
Here, we focused on the effects of BAC exposure on antibiotic resistance. We also
assessed the effects of BAC exposure on shorter time scales by exposing isolates from
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TABLE 1 MIC of BAC and antibiotics for isolates of the same species

iter)e
16S rRNA gene S Qi

Species identity (%) ANI“ (%) BAC TET CIpP CHL POL KAN RIF AMP
Achromobacter denitrificans DP —c — 15.6 <3.1 <0.8 3.1 <04 100 12.5 200
Achromobacter sp. DPB 97.8 87.5 313 25 1.6 25 <0.4 25 3.1 <6.3
Achromobacter sp. B 97.7 87.5 125 200 12.5 100 3.1 100 12.5 <6.3
Citrobacter freundii (human)d — — <7.8 1.6 0.4 12.5 0.2 6.3 25 800
Citrobacter freundii DP 98.5 N/A 62.5 1.6 1.6 12,5 0.8 6.3 25 125
Citrobacter freundii DPB 99.5 94.2 62.5 1.6 0.8 12.5 0.4 6.3 25 25
Klebsiella michiganensis (type strain)e — — 15.6 1.6 <0.1 6.3 1.6 200 125 200
Klebsiella michiganensis DP 99.1 N/A 62.5 1.6 1.6 125 0.8 25 125 100
Klebsiella michiganensis DPB 99.9 99.4 62.5 1.6 1.6 125 1.6 25 25 100
Pseudomonas aeruginosa DP — — 50 12.5 0.1 50 0.2 100 12.5 3,200
Pseudomonas aeruginosa DPB 100 100 200 6.25 0.2 100 0.2 100 25 3,200

aANI, average nucleotide identity.

A range of antibiotic and BAC concentrations (0.4 to 3,200 mg/liter) was tested. TET, tetracycline; CIP, ciprofloxacin; CHL, chloramphenicol; POL, polymyxin B; KAN,
kanamycin; RIF, rifampin; AMP, ampicillin.

c—, control isolate of the same or closely related species for comparisons.

dC. freundii human strain was 4_7_47_CFAA, accession no. ADLG00000000.1, of the Human Microbiome Project (http://www.hmpdacc.org/).

eK. michiganensis type strain was KCTC 1686, accession no. CP003218.1, of the Korean Collection for Type Cultures.

the control (DP) and DPB bioreactors to BAC for approximately 200 generations or less
(1 to 2 months).

RESULTS AND DISCUSSION

Microbial community exposure to BAC selected for members with increased
resistance to antibiotics. To examine whether BAC exposure promoted (i.e., increased)
antibiotic resistance, pairs of isolates, one originating from the DPB or B bioreactor (i.e.,
BAC fed) and the other representing its counterpart (same species) from the DP
bioreactor (i.e., not BAC fed), were characterized for their resistance to representatives
of seven classes of antibiotics. The isolates represented four distinct species that were
relatively abundant in the bioreactors and highly represented among the total isolates
obtained (see Fig. S1A in the supplemental material). P. aeruginosa strain DPB showed
higher MIC values for BAC and several, but not all, antibiotics than P. aeruginosa strain
DP (Table 1). The genomes of these two P. aeruginosa isolates differed in their shared
genes by five single nucleotide polymorphisms (SNPs), one small (9 bp) insertion in
their shared genes and two genomic islands (Gls) (Fig. 1A). This number of mutations
was comparable to the number of mutations predicted (n = ~10) to be fixed under
neutral evolution on the basis of the spontaneous mutation rate for a bacterial genome
(5.4 X 10710 per base per generation) (21), the genome size of the P. aeruginosa
isolates (~6.4 Mb), and the estimated number of generations since the establishment
of the DPB and DP communities after 3 years (~3,000 generations). Hence, it is highly
likely that these isolates represented descendants of the same ancestor in the original
river sediment inoculum. P. aeruginosa can grow in soil, marshes, coastal marine
habitats, plants, and animal tissues (22), and it is commonly isolated from sediments
(23). Therefore, it was not surprising to recover P. aeruginosa from our sediment
inoculum.

Similar antibiotic resistance results to those of the P. aeruginosa isolates were
observed for Achromobacter sp. strain DPB/B and Achromobacter denitrificans strain DP,
which represented more divergent genotypes than the P. aeruginosa isolates (genome
aggregate average nucleotide identity [ANI] between the Achromobacter sp. DPB/B and
A. denitrificans DP isolates was 87.5%) (Table 1). In contrast, Citrobacter freundii strain
DPB and Klebsiella michiganensis strain DPB did not exhibit significant changes in MIC
values for antibiotics compared to their unexposed counterparts (Table 1). However,
the latter two isolates showed higher MIC values for BAC and several antibiotics than
C. freundii and K. michiganensis isolates from culture collections (type strains) or the
human gastrointestinal tract, indicating that C. freundii DP and K. michiganensis DP
might have been intrinsically resistant to several of the antibiotics tested here before
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FIG 1 Horizontal transfer of antibiotic efflux pump genes. (A) Comparison of the draft genomes of P. aeruginosa DPB versus P. aeruginosa DP. Circles represent
contigs of P. aeruginosa DPB (red), coverage of contigs by metagenomic reads of DPB reactor (black), and the P. aeruginosa-DP strain (blue). Genes with
mutations found between the two genomes are denoted on the graph (ticks on the P. aeruginosa DPB draft genome). (B) Graphic representation of the
organization of genes in the ICE recovered from isolate genomes and metagenomes. (C) Phylogenetic tree of 16S rRNA gene sequences and ATP binding gene
(of the ABC transporter) sequences based on the maximum likelihood composite model and the neighbor-joining method. Note that phylogenetically diverse
isolates shared almost identical (>99% identity) ATP binding gene sequences, suggesting horizontal transfer of the ATP binding gene. Similar results were also
observed for sugE-A and sugE-B genes (data not shown). The reference sequences used were P. aeruginosa 39016 (accession no. NZ_CM001020.1), P. aeruginosa
NCGM2.51 (NC_017549.1), P. aeruginosa PAO1 (NC_002516.2), and Salmonella enterica Montevideo S5-403 (AFCS01000001.1).

BAC exposure. Overall, although BAC exposure did not result in higher antibiotic
resistance in all isolates tested, at least P. aeruginosa showed reduced susceptibilities to
BAC by 4-fold and to three antibiotics from the seven tested, including ciprofloxacin,
chloramphenicol, and rifampin, by 2-fold, suggesting a resistance link between BAC and
antibiotics.

Genetic elements for resistance to both BAC and antibiotics were responsible
for the link. To investigate the molecular mechanisms responsible for the resistance
link, we conducted whole-isolate and bioreactor metagenome DNA sequencing. An
alignment of the P. aeruginosa DP genomic reads against the P. aeruginosa DPB
assembled contigs identified, in addition to the five SNPs and the small insertion
mentioned above, two Gls that encoded several integrases and transposases (GI-1) and
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several (predicted) resistance genes (GI-2) (Fig. 1A). GI-2 harbored four predicted efflux
pump systems: two small multidrug-resistant (SMR) family systems (sugE-A and sugE-B),
an ATP-binding cassette (ABC) family, and a resistance nodulation division (RND) family
member (Fig. 1B). Furthermore, GI-2 harbored all necessary genes for conjugation, such
as those for conjugative transfer (trbBCDEJLFGI), plasmid partitioning genes (parAB),
and a plasmid replication initiator (repA), in a single assembled Illumina contig. The
recruitment of lllumina reads from the DPB metagenome revealed that the coverage of
GI-2 (average, 17.7 reads/base pair [17.7X]) was significantly higher (P < 0.001, Stu-
dent’s t test) than for the rest of the P. aeruginosa DPB genome (average, 2.0X),
indicating that GI-2 was present in additional members of the DPB community or in
multicopy (Fig. 1A). Consistent with this interpretation, a genome sequence analysis of
Achromobacter sp., Pseudomonas nitroreducens, C. freundii, K. michiganensis, and P.
aeruginosa isolates from DPB or B communities revealed almost identical (>99%
nucleotide identity) genetic elements despite the substantial evolutionary divergence
of the organisms (Fig. 1B and C). Since GI-2 was the only genomic difference between
P. aeruginosa DP and DPB strains that was bioinformatically predicted to encode
enzymes potentially relevant for BAC and antibiotic resistance, we hypothesized that
GI-2 might have been responsible for the higher antibiotic resistance of strain P.
aeruginosa DPB than of strain DP; thus, we studied this genomic island in more detail.

Even though GI-2 was predicted to harbor several of the genes commonly found in
conjugative plasmids, long-read Oxford Nanopore sequencing showed that the conju-
gative element was integrated in the genome of P. aeruginosa DPB. The hybrid
assembly of the MinlON long reads and Illumina contigs produced a closed genome
(single contig), with even coverage across the genome, including the junctions/ends of
the lllumina contig harboring the conjugative transfer genes. Further bioinformatics
analysis and gene annotation, e.g., the presence of recombinase genes (often referred
to as integrases) and conjugation system genes (see Table S1) (24, 25), suggested that
Gl-2 is most likely an integrative and conjugative element (ICE). ICEs share gene content
with conjugative plasmids (e.g., genes for conjugation) and are self-transmissible
genetic elements that can be integrated in the chromosome or propagate as indepen-
dently replicating molecules (see supporting results and discussion in the supplemental
material for further details) (24, 25). An alignment of genomic reads of other isolates,
i.e., Achromobacter sp. DPB/B, C. freundii DPB, and K. michiganensis DPB, against the P.
aeruginosa DPB GI-2 sequence suggested that not all of the isolates shared the whole
GI-2 or all integrases, except for Achromobacter sp. DPB (Fig. S2). These results revealed
that GI-2 had likely been mobilized and/or integrated into diverse organisms during the
bioreactor incubation time (3 years), and various versions of ICEs harboring the same
resistance genes were present within the community and were apparently strongly
selected for by the BAC exposure conditions.

To test the hypothesis that genes within GI-2 helped organisms to cope with BAC
toxicity and were responsible for the high antibiotic resistance of P. aeruginosa strain
DPB relative to that of strain DP, the sugE-A, sugE-B, and ABC transporter system genes
were cloned into a broad-host range vector (pBBRMCS-4) and transformed into P.
aeruginosa strain PAO509. PAO509 lacks several efflux pump systems present in the
wild-type P. aeruginosa and our isolates from the bioreactors and hence is a more
appropriate strain background to test for antibiotic resistance phenotypes. Plasmid
pBBRsugE-A conferred increased resistance to BAC, with an ~2-fold higher MIC, but not
to antibiotics, while plasmid pBBRABC conferred resistance to rifampin (~2-fold higher
MIC) but BAC tolerance was similar to that of the control vector alone (pBBRMCS-4) (see
Table S2). It should be noted that even a 2-fold higher MIC can be clinically significant,
and efflux pumps genes such as sugE-A and ABC do not often provide much greater
changes in MIC values (26-29). The BAC resistance phenotype of the transformant
carrying sugE-A (PAO509/pBBRsugE-A) was also in agreement with a previous report
that sugE confers resistance to BAC (30). Rifampin is known to act on the RNA
polymerase B subunit (RpoB) to interfere with transcription, and rifampin-resistant
bacteria frequently emerge due to single point mutations in rpoB (31). To exclude the
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FIG 2 Changes in MICs of BAC during an adaptive evolution experiment with P. aeruginosa DP (A) and P. aeruginosa DPB (B). The
adaptive evolution experiment consisted of two phases: BAC exposure, where BAC concentration was increased after each round until
reaching the maximum concentration in which growth was observed (red dots; each dot represents a passage), and BAC free (yellow
dots). The MIC for BAC (y axis) was measured during each round of growth, for approximately 320 to 500 generations. The x axis shows

the number of generations since the start of the experiment.

possibility that the rifampin-resistant phenotype was due to spontaneous mutation (as
opposed to the ABC transporter system cloned), rpoB gene sequences of rifampin
resistance clusters |, Il, and Ill were PCR amplified from four independent colonies of
PAO509 and PAO509/pBBRABC using previously determined primers PAO1rpoB1 (32)
and PAOrpoB3 (33) and subsequently sequenced using Sanger chemistry. No mutation
was identified between PAO509 and PAO509/pBBRABC, suggesting that the rifampin
resistance phenotype was likely not due to spontaneous mutation but to the ABC
transporter system. No difference in tetracycline susceptibility was observed in the
three recombinants compared to that of the control. These results suggested that two
distinct gene cassettes harbored by GI-2 conferred resistance to antibiotics and BAC,
but no one gene conferred resistance to both BAC and antibiotics. Therefore, the
resistance linkages appeared to be due to the cooccurrence of these two gene
cassettes on the same piece of mobile DNA. It still remains unclear at this point if the
colocalization of the genes occurred before or after exposure to BAC.

BAC adaptation selected for P. aeruginosa with increased resistance to poly-
myxin B. To identify alternative genetic mechanisms that may be responsible for the
resistance linkage observed but not elucidated by our genetic manipulations and
assess the effects of shorter BAC exposure than that experienced by the microbial
communities in the DPB and B bioreactors (~3 years), the two P. aeruginosa isolates DP
and DPB were subjected to increasingly higher BAC concentrations every 24 h, in
triplicate batch cultures, until no growth was observed. The last (highest) concentration
for which growth was observed was recorded for each replicate population [BAC(+)].
Subsequently, the populations were transferred and maintained in BAC-free medium
[BAC(—)] (Fig. 2A and B; Fig. S1B). During this evolution experiment, the two genotypes
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TABLE 2 MIC values for polymyxin B of all populations of P. aeruginosa DP from the
adaptive evolution experiment

P. aeruginosa DP populations (LB cultured) Polymyxin B MIC (mg/liter)
BAC(+)_1 1.6
BAC(+)_2 0.8
BAC(+)_3 0.8
Control_1 0.4
BAC(—)_1 0.2
BAC(—)_2 0.4
BAC(—)_3 0.4
Ancestor 0.2
Control_2 0.4

existed on different adaptive landscapes, because strain DPB possessed the ICE har-
boring resistance genes and was therefore inherently more resistant to BAC (Table 1).
The other pairs of isolates recovered that showed cross-resistance, such as Achromo-
bacter, were not used in the adaptive evolution experiment because these experiments
were laborious and the pair of genomes recovered were divergent from each other (i.e.,
having different genomic backgrounds), which could complicate the results and inter-
pretations.

All DP and DPB populations showed increased resistance to BAC after growth with
BAC for approximately 240 and 180 generations, respectively, compared to that of their
ancestor (7-to-25-fold-higher MIC) or the controls (P. aeruginosa DP or DPB population
evolving in parallel, under the same laboratory conditions but with no BAC in the
growth medium). No BAC biodegradation by any of the populations was observed,
while the highest BAC tolerance observed (by the DPB population) was 1,600 mg/liter
BAC. After transferring to BAC-free medium, the three DP BAC(—) populations lost their
BAC tolerance within 150 generations, and their BAC MIC was similar to that of the
ancestor (50 mg/liter BAC), indicating that adaptation to BAC might have been tran-
sient, at the level of cell physiology and gene regulation, or due to the rise of
compensatory mutations that restored the sensitivity to BAC under conditions of
growth in BAC-free medium. In contrast, two of the DPB BAC(—) populations main-
tained a high BAC tolerance, with MICs for BAC similar to those of the BAC(+)
populations and approximately 7-fold higher than that of their ancestor, while the third
DPB BAC(—) population lost the acquired BAC tolerance. These results indicated that
the two DPB BAC(+) populations might have acquired genetic modifications upon BAC
exposure that were maintained in their corresponding DPB BAC(—) populations. Since
all DP and DPB BAC(+) populations and two of the DPB BAC(—) populations acquired
increased tolerance to BAC, these populations were examined further to assess if the
increased BAC tolerance was accompanied by an increased resistance to antibiotics and
to determine the underlying mechanism(s).

Interestingly, we observed that all DP BAC(+) populations showed higher MICs (2-
to 8-fold) to the membrane-active antibiotic polymyxin B than the ancestor or the
control (Table 2). Of the remaining antibiotics tested, DP BAC(+) populations did not
show higher MICs than their ancestor (Table S3A). To identify the molecular mecha-
nisms for cross-resistance between BAC and polymyxin B, whole-genome sequencing
was conducted and identified 29 SNPs and 17 deletions, insertions and other polymor-
phisms (DIPs) in P. aeruginosa DP BAC(+) and BAC(—) populations relative to the
control population and 22 SNPs and 16 DIPs in P. aeruginosa DPB BAC(+) and BAC(—)
populations, respectively (see Table S4A to D). Remarkably, all DP BAC(+) and DPB
BAC(+) populations had fixed mutations compared to their ancestral populations in
only a single gene found in common, pmrB, albeit at different positions of the gene.
pmrAB encodes a two-component regulatory system, and mutations in pmrB are known
to confer polymyxin resistance in both clinical isolates and a laboratory strain of P.
aeruginosa via constitutive activation of the pmrA regulon (34). Expression of pmrA
leads to the expression of arnBCADTEF, which is responsible for the addition of
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FIG 3 Mutational and transcriptional evidence for the resistance links between BAC and antibiotics. (A) Mutations in pmrB genes at
various positions were noted for each population (denoted on the graph). (B) Schematic of the known polymyxin B resistance
mechanisms caused by mutations in pmrB (34, 36, 68). (C) Overexpression of mexCD-oprJ operon when BAC is supplemented in the
growth medium. AL/AB, P. aeruginosa DPB ancestor in LB growth medium versus LB plus BAC medium; C2L/C2B, P. aeruginosa
DPB_Control_2 in LB versus LB plus BAC; BAC(+)_1L/BAC(+)_1B, P. aeruginosa DPB BAC(+)_1 in LB versus LB plus BAC; BAC(+)_2L/
BAC(+)_2B, P. aeruginosa DPB BAC(+)_2 in LB versus LB plus BAC; BAC(+)_3L/BAC(+)_3B, P. aeruginosa DPB BAC(+)_3 in LB versus

LB plus BAC.

4-amino-L-arabinose (L-Ara4N) to the phosphate groups of lipid A, resulting in the
reduction of the net negative charge on the outer membrane (Fig. 3B) (35, 36). Because
both polymyxin B and BAC are cationic membrane-disrupting agents (37, 38), the
reduction in the net negative charge is expected to increase BAC and polymyxin B
tolerance by reducing their adsorption to the outer membrane. Therefore, our
results revealed that mutations to the pmrB gene in the DP BAC(+) populations
were selected by BAC exposure and led to increased resistance to at least one
antibiotic, polymyxin B.

It should be noted that although all the P. aeruginosa populations had fixed
mutations in pmrB, only the DP BAC(+) populations showed increased resistance to
polymyxin B compared to those of the DP BAC(—), DPB BAC(+) and DPB BAC(—)
populations under our experimental conditions (Fig. 3A, Table 2, and Table S3B). A read
alignment of the data sets of DP BAC(—) populations against assembled contigs of the
ancestors revealed that the populations had different mutations in pmrB and pmrA than
DP BAC(+) populations (see Table S5). Transcriptome sequencing (RNA-seq) results
suggested that the mutations to pmrB in DPB BAC(+) and DPB BAC(—) populations did
not lead to the overexpression of arnBCADTEF relative to that of the ancestor and
control (see supporting results and discussion in the supplemental material for further
details). These findings presumably explained the lack of increased polymyxin B resis-
tance in the DP BAC(—), DPB BAC(+), and DPB BAC(—) populations, because the
location and combination of mutations in pmrB are known to affect the level of
expression of arnB (35), as confirmed by our RNA-seq data, and thus polymyxin B
resistance. Furthermore, repeated passages without polymyxin in the growth medium
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TABLE 3 MIC values for tetracycline and ciprofloxacin tested with no-BAC and added-BAC
growth conditions for P. aeruginosa DPB evolved populations

MIC (mg/liter)®

P. aeruginosa DPB TET+BAC CIP+BAC
populations TET CIP (100 mg/liter) (100 mg/liter)
BAC(+)_1 12.5 0.2 25 3.2

BAC(+)_2 3.125 0.2 12.5 1.6

BAC(+)_3 12.5 0.2 25 0.8

Ancestor 6.25 0.2 25 1.6

Control_1 12.5 04 25 1.6

aTET, tetracycline; CIP, ciprofloxacin.

have been shown to result in a loss of resistance in some cases, suggesting that the
pmrAB locus is not the only determinant of the resistance phenotype (35) (see sup-
porting results and discussion for further details). The lack of increased polymyxin
resistance and the different mutations acquired in the pmrB gene in DPB populations
are also not surprising given that these populations existed on different adaptive
landscapes than DP populations at the beginning of the experiment. Altogether, BAC
exposure selected for the mutations in pmrB that conferred increased BAC tolerance in
all P. aeruginosa populations, but only specific mutations conferred increased poly-
myxin B resistance in the DP (but not the DPB) genetic background.

Physiological adaptation to BAC exposure also led to increased antibiotic
resistance. During this evolution experiment, another important resistance link was
revealed. All P. aeruginosa DPB ancestor, BAC(+), and control populations showed
increased resistances to tetracycline and ciprofloxacin (2- to 16-fold) when BAC was in
the growth media at subinhibitory concentrations during the MIC test (Table 3 and
Table S3C). All populations tested here reached at least ~107 cells/ml after 24 h of
growth at 35°C in the presence of subinhibitory concentrations of BAC, and these
populations were used as the controls for determining MIC values for antibiotics.
Therefore, the subinhibitory concentration of BAC used did not inhibit growth, and the
MIC values obtained were presumably not due to experimental artifacts, such as
absorbance contributed by dead cell debris. Thus, it appeared that copresence of
(subinhibitory) BAC in the growth medium of P. aeruginosa DPB induced physiological
changes to the exposed cells that also conferred antibiotic resistance regardless of the
level of BAC tolerance of the population. RNA-seq analysis revealed, for instance, an
overexpression (6- to 40-fold) of the mexCD-oprJ multidrug efflux pump (Fig. 3C) under
BAC-supplemented conditions compared to that under BAC-free growth conditions.
These findings were also consistent with previous results that mexCD-oprJ contributes
to the resistance to several classes of antibiotics, such as fluoroquinolones (e.g.,
ciprofloxacin and norfloxacin) and tetracycline (39, 40). Furthermore, previous studies
have shown that clinically relevant disinfectants such as BAC but not antibiotics (e.g.,
norfloxacin, tetracycline, or chloramphenicol) can induce the expression of this family
of efflux pumps, even though antibiotics such as tetracycline and norfloxacin (in the
same class as ciprofloxacin) are substrates for the pump (41, 42), in agreement with the
results reported here.

Conclusions and outlook. Collectively, our results revealed that BAC exposure can
induce antibiotic resistance via multiple genetic mechanisms, including the cooccur-
rence of BAC tolerance and antibiotic resistance genes on the same mobile DNA
molecule, mutations in the pmrB gene, and the induction of efflux pump expression.
These results are important because the cross-link between BAC exposure and antibi-
otic resistance was observed in at least three antibiotics of the seven tested (Table 1),
the underlying mechanisms were elucidated (Fig. 1 and 3), and so the cross-link cannot
be attributed to spurious findings, and even a 2-fold higher MIC as revealed for
polymyxin B and rifampin can be clinically significant on the basis of the pharmacoki-
netics and pharmacodynamics of these two antibiotics (27, 28). Furthermore, the
concentrations of BAC that the adapted P. aeruginosa DP BAC(+) and DPB BAC(+)
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populations were able to withstand during the adaptive evolution experiments (up to
1,600 mg/liter) were comparable to, or even higher than, those used in practice as a
disinfectant (typically between 400 to 500 mg/liter, and almost always below 1,000
mg/liter) (43). Therefore, our results suggested that the accumulation of BAC in any
nontarget environment (e.g., freshwater or sediment habitats or the waste stream of
hospitals or food processing facilities) should be prevented to limit the spreading of
antibiotic resistance determinants. New biotechnologies that employ the recently
reported BAC-degrading organisms or their enzymes could be used for the latter
purpose (20, 44). Our results also helped to explain why there is a debate in the
literature on whether linkage exists between the exposure to disinfectants and in-
creased antibiotic resistance. In particular, multiple adaptive possibilities (e.g., muta-
tions in pmrB) in P. aeruginosa isolates were observed in response to BAC exposure,
which is perhaps not unexpected given the nonspecific nature of the disinfectant, and
some— but not all— of these mutations also conferred benefits under other conditions,
specifically, polymyxin exposure. Similarly, not all bacterial species exposed to BAC
acquired increased resistance to antibiotics, but at least several did (e.g., P. aeruginosa).
It is also important to note that the list of organisms or growth conditions studied here
were by no means exhaustive, and additional mechanisms, which may cause even
higher antibiotic resistance levels than noted here, likely exist in natural or clinical/
engineered environments. Therefore, more attention should be given to the usage of
disinfectants and the better understanding of their fate, especially in nontarget envi-
ronments. Finally, our experimental design and approach used in the adaptive evolu-
tion of P. aeruginosa can be employed to assess whether other important pathogens
also show cross-resistance for BAC and antibiotics and to identify the underlying
molecular mechanisms.

MATERIALS AND METHODS

Bioreactor development and isolate characterization. All microbial communities (DP, DPB, and B)
analyzed in this study originated from the same inoculum, from a sediment sample collected at the
Bayou d'Inde, a tributary of the Calcasieu River, near Lake Charles, LA. The residual concentration of BAC
in the sediment was less than the detection limit of the colorimetric method, i.e., 1 ug/g sediment (45).
The community development and bioreactor operation (e.g., substrates, feeding cycle, and temperature)
were described previously in detail (6). Briefly, the DP microbial community was developed from the
sediment inoculum with a dextrin-peptone (50:50 [wt/wt]) mixture as the carbon and energy sources and
maintained for 1 year. The DP community was subsequently used as an inoculum for DPB, which in turn
was used as an inoculum for the B microbial community. DPB and B communities were fed a dextrin-
peptone plus BAC mixture and BAC mixture, respectively, as carbon and energy sources. The BAC mixture
consisted of a 60:40 mixture of benzyldimethyldodecylammonium chloride and benzyldimethyltetrade-
cylammonium chloride (C,,BDMA-Cl and C,,BDMA-CI, respectively; Sigma-Aldrich). The three commu-
nities were maintained for 4 years at room temperature in an aerobic fed-batch 2-liter Pyrex reactor with
a total liquid volume of 1.6 liters, a residence time of 14 days, and the previously described mineral
medium plus carbon and energy sources (i.e., 2,200 mg/liter of dextrin-peptone and 50 mg/liter of BAC
mixture). To obtain isolates, a mixed community suspension from each bioreactor (DP, DPB, and B) was
first diluted and plated on agar medium containing dextrin-peptone, salt medium, and 1.5% agar as
described previously (no neutralizer for BAC was used during the isolation or transferring of isolates) (46).
The taxonomic identification of the isolates was determined by sequencing their 16S rRNA genes.

Construction of plasmids carrying efflux pump genes. Efflux pump genes found on the integrative
and conjugative elements (ICEs) were cloned from the Achromobacter B isolate, and these genes were
identical, at the nucleotide level, to those in P. ageruginosa DPB. The genes, including their native
promoters, were individually amplified by PCR using primers containing enzyme restriction sites (EcoRlI-
BamHI for sugE-A and sugE-B: sugE-A-EcoRl, 5'-ATGCGAATTCCAGATAAAGCCAACCTTCC-3'; sugE-A-
BamHI, 5'-ATGCGGATCCGACTACGCTACCAATGGAG-3'; sugE-B-EcoRl, 5'-ATGCGAATTCCATTATGGAAAGG
GATGGCG-3'; sugE-B-BamHlI, 5'-ATGCGGATCCTTGCTCTTCATAATGGGTCTC-3'; and Kpnl-EcoRl for the ABC
transporter operon: ABC-Kpnl, 5'-ATGCGGTACCGTACTAGCGTCATAGTCACGG-3'; ABC-EcoRl, 5'-ATGCGA
ATTCCAACGTCATTAAAGAGTTCGC-3'). Digested amplicons were ligated into the multiple cloning site of
pPBBRMCS-4 (47). The resulting constructs were introduced into P. aeruginosa PAO509, which was
deficient for several RND-family efflux pump genes (mexAB-oprM, mexCD-oprJ, mexEF-oprN, mexJK, and
mexXY) (48), by electroporation as described previously (49). The transformants were selected on LB agar
medium supplemented with 100 pg/ml of ampicillin. Recombinant plasmids extracted from the trans-
formants were confirmed by PCR amplification of inserts and enzyme restriction digestion.

Adaptive evolution experiments. Single colonies of the P. aeruginosa DP and DPB isolates were
used as the original inocula for the adaptive evolution experiments. Six test tubes with a range of BAC
concentrations were initially inoculated with 1% aliquots of P. aeruginosa DP and DPB cultures grown in
10 ml Luria broth medium (LB) for 24 h in triplicate at 35°C, using an orbital shaker at 225 rpm (see Fig.
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S1B in the supplemental material). Subsequently, 1% of the adapted population from the tube that
showed growth (i.e, =80% growth reduction) at the highest concentration of BAC was transferred to
new medium daily, followed by similar rounds of increasing BAC concentrations until no growth was
observed in any tube [BAC(+) populations]. The MIC was determined as the concentration in which
=80% inhibition in cell growth was observed by optical density at 600 nm (ODy,,) values compared to
that of the control (no BAC in the medium). A 1% aliquot of inoculum culture was used for each MIC
measurement. The generation numbers of the cultures were measured every 24 h by counting CFU. The
inoculum from the tube that showed growth in the highest BAC concentration was subsequently
transferred to LB [BAC(—) populations], followed by rounds of growth in decreasing BAC concentrations.
The BAC used for the experiment consisted of a 60:40 mixture of benzyldimethyldodecylammonium
chloride and benzyldimethyltetradecylammonium chloride (C,,BDMA-CI and C,,BDMA-CI, respectively;
Sigma-Aldrich).

Antimicrobial susceptibility test. The antimicrobial susceptibility test was performed with the
microdilution procedure (50) in LB medium. All tested inocula were sampled at the end of the
exponential phase and diluted in the medium to a final concentration of 5 X 105 CFU/ml before the test.
Specifically, we characterized the growth curves for all the tested isolates, populations, and transfor-
mants, with optical density values at 600 nm, and sampled at the end of exponential phase to measure
CFU and optical density values at 625 nm for 10-fold serially diluted aliquots (i.e., 10—, 1072, and 1073).
Based on these data, the relationship between the expected CFU and optical density values at 600 nm
was determined, and this relationship was used to obtain aliquots of 5 X 10> CFU/ml on the basis of the
optical density values. Therefore, comparable inocula in terms of starting cell numbers were used in all
cases. All tests were performed in triplicate on 48-well plates after the growth of the inoculum (5 X 10°
CFU/ml) for 24 h at 35°C with mixing on an orbital shaker at 225 rpm. After the incubation, the optical
density values at 600 nm were measured and the MIC was determined on the basis of the control
cultures with LB only medium for LB plus antibiotics tests and LB plus BAC medium for LB plus BAC plus
antibiotics tests.

DNA extraction, RNA extraction, and sequencing. Mixed community suspensions from bioreactors
and isolates were taken for DNA extraction and were processed as previously described (51). These DNA
samples were sequenced using the lllumina HiSeq 2000 sequencer at the Los Alamos National Laboratory
Genomics Facility and reported previously (51); the ancestor P. aeruginosa DPB genome was closed using
data from an in-house MinlON instrument and the lllumina assembly. DNA of all P. aeruginosa popula-
tions from adaptive evolution experiments was extracted using the QlAamp DNA Blood minikit (Qiagen,
Germany). DNA sequencing libraries were prepared using the Nextera XT DNA library preparation kit and
sequenced on an in-house lllumina MiSeq instrument (School of Biological Sciences, Georgia Institute of
Technology), as described previously (44).

RNA of P. aeruginosa DPB populations from the adaptive evolution experiment was extracted as
previously described (52) with slight modifications. In brief, culture suspensions (25 ml of LB culture and
50 ml of LB plus BAC culture) were collected during mid-log-phase growth and centrifuged at 5,000 X
g for 10 min. BAC (1,000 mg/liter) was used in the growth medium for all DPB BAC(+) and BAC(—)_2
populations, and 100 mg of BAC/liter was used for the ancestor, control, and BAC(—)_1 populations,
which represented subinhibitory concentrations for the corresponding populations. The collected cell
pellets were subsequently washed with 1X phosphate-buffered saline (PBS), resuspended with 5 ml of
lysis buffer (50 mM Tris-HCl, 40 mM EDTA [pH 8], and 0.75 M sucrose) containing 15 mg/ml of lysozyme,
and incubated at 37°C for 3 min. The lysates were then incubated with 0.4 ml of the lysis buffer,
containing 1% SDS and 20 mg/ml of proteinase K, for 2 h at 55°C in a rotating hybridization oven. RNA
was extracted with acid phenol and chloroform and isolated with the mirVANA RNA isolation kit
(Ambion). RNA samples were treated with DNase by using the TURBO DNA-free kit (Ambion, Austin, TX).
The elimination of contaminating DNA was confirmed by PCR amplification of the sugE-A gene. rRNA was
depleted from total RNA using the Ribo-Zero rRNA removal kit (lllumina, San Diego, CA), and cDNA
libraries were constructed using the ScriptSeq v2 RNA-Seq library preparation kit (lllumina, San Diego,
CA) according to the manufacturer’s instructions. cDNA libraries were quantified and sequenced as
described above for P. aeruginosa population DNA samples.

Community metagenome and isolate genome sequence analysis. Raw Illumina reads were
trimmed using a Q value of 15 Phred quality score cutoff using SolexaQA (53) for further analysis.
Community and isolate genome reads were assembled using the hybrid protocol previously described
(54). Protein-coding genes on assembled metagenomic or isolate genome contigs were annotated with
the MetaGene pipeline (55). The phylogenetic affiliation of assembled contigs or unassembled metag-
enomic reads was determined on the basis of best match searches against all bacterial and archaeal
genome sequences available in the GenBank database (as of June 2015; ftp://ftp.ncbi.nih.gov/), using
BLASTN (X = 150, g = —1, F = F, and remaining parameters at default settings) with a cutoff of a match
with >95% identity and 50% query length coverage. The functional annotation of protein-coding genes
was performed using a BLASTP search against the SEED protein database (56), with a cutoff for a match
of >40% amino acid sequence identity and >50% query length coverage.

We used Bowtie 2 (57) to map metagenomic reads from the DPB bioreactor against P. aeruginosa DPB
assembled contigs to estimate coverage, which was also taken as a proxy for relative abundance. To
identify SNPs and genomic modifications, P. aeruginosa DP genomic reads were matched against P.
aeruginosa DPB assembled contigs, and vice versa, using breseq (consensus mode and Q = 15 Phred
quality score cutoff) (58, 59). The same approach was also applied in comparisons of P. aeruginosa DP and
DPB control, BAC(+), and BAC(—) populations against P. aeruginosa DP and DPB assembled contigs
(ancestors) in the adaptive evolution experiments. Identified mutations in the evolved control population

September 2018 Volume 84 Issue 17 e01201-18

Applied and Environmental Microbiology

aem.asm.org 11


ftp://ftp.ncbi.nih.gov/
http://aem.asm.org

Kim et al.

against its ancestor were considered to be the result of stochastic processes or selection by the growth
conditions (e.g., “bottle effect”) and were removed from further analysis. Read recruitment plots were
obtained as described previously (60) on the basis of the results of a BLASTN search of reads against the
GI-2 sequence of P. aeruginosa DPB and a minimum cutoff for a match of 70% of identity and a 60-bp
alignment length.

MinlON sequencing and read analysis. Sequencing libraries for the MinlON sequencer were
prepared using the SQK-RADO0O03 rapid sequencing kit, R9 version, lot SR03.10.002 (Oxford Nanopore
Technologies, Oxford, UK). Approximately 421 ng of P. aeruginosa strain DPB DNA was tagmented by
incubation with 2.5 ul fragmentation mix (FRM) for 1 min at 30°C followed by 1 min at 80°C. Tagmented
DNA was then adapter-ligated by incubating with 1.0 ul rapid adapter mix (RAD) for 5 min at room
temperature and was stored on ice. A FLO-MIN 107 (R9.5) flow cell was primed as directed by the
manufacturer and then loaded with a mixture of 11 ul tagmented library, 30.5 ul running buffer FM (RBF),
26.5 pl library loading beads (LLB), and 7 ul nuclease-free water. P. aeruginosa DPB was sequenced using
the SQK-RAD003 MinKNOW protocol script with local basecalling, and the sequencing was stopped after
12 h.

After basecalling of the one-dimensional (1D) MinION reads, the reads were extracted in fastq
format using Poretools version 0.6.0 (61). All resulting reads were trimmed using NanoFilt (https://
github.com/wdecoster/nanofilt) with a Phred score cutoff of 10 and a minimum fragment length of 1
kbp, and the adapter sequences were removed using Porechop (https://github.com/rrwick/Porechop).
Then, the hybrid read set, i.e., lllumina and MinlON trimmed reads, was assembled using Unicycler v0.4.2
with the conservative mode (62). Briefly, Unicycler uses a SPAdes assembly of Illumina reads and then
scaffolds the assembly graph using MinION reads. Finally, Unicycler uses lllumina reads to polish the final
assembly using Pilon (63). To identify genomic islands specific to the P. aeruginosa DPB closed genome
from the hybrid lllumina plus MinlON assembly, P. aeruginosa DP genomic reads (lllumina) were searched
against the P. aeruginosa DPB genome using breseq (consensus mode and Q = 15 Phred quality score
cutoff) (58, 59), and the genomic regions not covered by reads were considered strain DPB specific.

Transcriptome sequence analysis. All transcriptomic reads of the P. ageruginosa DPB ancestor,
control, BAC(+), BAC(—)_1, and BAC(—)_2 populations were trimmed using SolexaQA (53) with a Phred
score cutoff of 20 and a minimum fragment length of 50 bp, and 3’-end adapter contaminants were
removed using Scythe v0.993 (https://github.com/vsbuffalo/scythe). These trimmed reads were filtered
using SortMeRNA v2.0 (64) to remove remaining rRNA sequences within all databases in the program.
Most of the resulting data sets had >95% of their total reads as non-rRNA except three libraries (see
Table S7). One library in particular [i.e., P. aeruginosa DPB BAC(+)_2L_3] had 9.42% of reads shown as
non-rRNA, which resulted in too few non-rRNA sequences relative to the remaining libraries (e.g., >2-fold
difference in number of non-rRNA reads), and thus was removed from further analysis to avoid biasing
the comparisons and results (65). Non-rRNA reads were mapped to P. aeruginosa DPB assembled contigs
using Bowtie 2 (57), and read count tables against predicted genes were generated by featureCounts
v1.4.6-p3 (66). The output read count tables were used as the input for DESeq2 (67) to obtain the lists
of differentially expressed genes in pairwise comparisons. The pairwise comparisons included both the
type of population [e.g., ancestor versus BAC(+) populations] and culture condition (i.e., BAC free versus
BAC supplemented). All genes that were differentially expressed from all pairwise comparisons with a
cutoff adjusted P value of <0.01 and number of read counts >1 were included for further analysis.
Differentially expressed genes from the comparison between the control population and the ancestor
that were also observed in the comparison of the BAC(+) or BAC(—) population against the ancestor
were discarded from further analysis, similar to that for the mutations described above.

Data availability. The bioreactor metagenome sequences used in this study were deposited in
GenBank under the accession numbers SRR643889 (DP), SRR643891 (DPB), and SRR643892 (B). The
genome sequences of isolates, all genomic and transcriptomic sequences of P. aeruginosa DP/DPB
BAC(+) and BAC(—) populations, and MinlON sequencing data can be found under the BioProject
PRINA184698.
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Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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