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Abstract

Listeria monocytogenes, a potentially fatal foodborne pathogen commonly found in food

processing facilities, creates a significant economic burden that totals more than $2 billion

annually in the United States due to outbreaks. Quaternary ammonium compounds (QACs),

including benzalkonium chloride (BAC), are among the most widely used sanitizers to inhibit

the growth and spread of L. monocytogenes from food processing facilities. However, resis-

tance to QACs has been increasing in L. monocytogenes and different genetic mechanisms

conferring resistance have been discovered. Here, we used ethyl methanesulfonate (EMS)

to chemically mutagenize the BAC-susceptible strain, L. monocytogenes FSL-N1-304. We

isolated two mutants with increased tolerance to BAC compared to the parental strain. Next,

we assessed the off-target effect of increased tolerance to BAC by measuring the minimum

inhibitory concentrations (MICs) of a diverse set of antibiotics, revealing that mut-1 and mut-

2 displayed significantly increased resistance to fluoroquinolone antibiotics compared to the

parental strain. A hemolysis assay was then used to investigate a potential correlation

between BAC tolerance and virulence. Interestingly, mut-1 and mut-2 both exhibited signifi-

cantly higher hemolysis percentage than the parental strain. We then sequenced the

genomes of the parental strain and both mutants to identify mutations that may be involved

in the increased resistance to BAC. We identified 3 and 29 mutations in mut-1 and mut-2,

respectively. mut-1 contained nonsynonymous mutations in dagK (a diacylglycerol kinase),

lmo2768 (a permease-encoding gene), and lmo0186 (resuscitation promoting factor). mut-2

contained a nonsense mutation in the nucleotide excision repair enzyme UvrABC system

protein B encoding gene, uvrB, which likely accounts for the higher number of mutations

observed. Transcriptome analysis in the presence of BAC revealed that genes related to the

phosphotransferase system and internalins were up-regulated in both mutants, suggesting
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their significance in the BAC stress response. These two mutants provide insights into alter-

native mechanisms for increased BAC tolerance and could further our understanding of how

L. monocytogenes persists in the food processing environment.

Introduction

Listeria monocytogenes is a gram-positive, foodborne bacterial pathogen that causes a serious

infection called listeriosis [1]. Listeriosis is a relatively rare disease, but it can lead to severe and

potentially fatal symptoms for elderly and immunocompromised individuals including infec-

tions resulting in meningitis and septicemia [2,3]. Additionally, pregnant women are more

susceptible to listeriosis, which is particularly problematic as L.monocytogenes possesses the

unique ability to permeate the placenta and infect the fetus, which can lead to fetal meningitis

and miscarriages [4]. A study analyzing data from 2000–2008 revealed that L.monocytogenes
had the highest hospitalization rate (94%) and third highest fatality rate (15.9%) among 31

major foodborne pathogens [5].

L.monocytogenes is highly abundant in the natural environment and capable of surviving

adverse conditions, resulting in frequent contamination and persistence of L.monocytogenes
strains in food processing facilities [6]. Given the health concerns and economic impacts of L.

monocytogenes contamination in the food industry, the FDA has established guidelines to pre-

vent contamination and outbreaks in foods [7]. These guidelines include personal protective

equipment for workers, structured operation plans of the plant, specific equipment, testing

protocols, and sanitization [8].

Quaternary ammonium compounds (QACs) are a class of antimicrobial compounds com-

monly used for surface sanitization in food processing facilities [9]. The bactericidal mode of

action for QACs is similar to that of a detergent [10]. The negatively charged bacterial cellular

membrane interacts with the positively charged head of the QAC molecule, allowing the non-

polar QAC side chains to disrupt the intramembrane region. This interaction leads to the for-

mation of micelles, cytosolic leakage, and eventual cellular lysis [11]. Benzalkonium chloride

(BAC) is a type of QAC that is a common component of commercial disinfectants that are

used to sanitize solid surfaces in food processing facilities [9,12]. Over the last two decades,

several studies have reported increased BAC tolerance in L.monocytogenes strains isolated

from food environments [13–18]. An increase in QAC tolerance has been attributed to

improper application, dilution, and biodegradation of QACs resulting in sub-lethal concentra-

tion gradients [19,20]. Several mechanisms for BAC resistance have been discovered. Most

commonly, BAC resistance, or increased tolerance, involves alterations to efflux pumps

[14,16,21–23]. Adaptation to BAC can also result in cross-tolerance to fluoroquinolone antibi-

otics, suggesting shared resistance mechanisms [24–27]. Thus, the improper usage of BAC,

and subsequent adaptation, could be contributing to off-target antibiotic resistance [24,28].

The goal of this study was to investigate the potential genetic mechanisms and transcrip-

tome response underlying adaptation to BAC and the effects of BAC adaptation on antibiotic

resistance. We used chemical mutagenesis combined with whole-genome sequencing (Mut-

seq) to isolate mutants with increased tolerance to BAC and to identify candidate mutations.

Additionally, we analyzed the transcriptome of BAC tolerant mutants and the parental strain

during exposure to BAC to identify genes and pathways responsive to BAC exposure. We also

measured the hemolytic activity of the WT and mutant strains to investigate potential a rela-

tionship between BAC tolerance and virulence. Finally, we measured the minimum inhibitory

concentration of several antibiotics in the wild-type and mutants to determine if increased tol-

erance to BAC resulted in changes in antibiotic sensitivity.
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Methods

Bacterial isolates and culture conditions

Isolate FSL-N1-304 was selected at random from our collection of benzalkonium chloride

resistant isolates, as we were screening for gain of function phenotypes. FSL-N1-304 was

obtained from the L.monocytogenes strain collection at Cornell University’s Food Safety Labo-

ratory. This strain was originally isolated from floor drains in a fish processing facility in New

York, USA [29]. All strains were cultured at 37˚C in tryptic soy broth media supplemented

with 0.6% yeast extract (TSB+YE).

Chemical mutagenesis using ethyl methanesulfonate (EMS)

Chemical mutagenesis was performed using a previously described protocol with several alter-

ations [30]. Our complete overall experimental design is depicted in Fig 1. First, 1 ml of cells

was harvested from an overnight culture through centrifugation at 2,380 x g for 10 minutes.

The cells were then washed twice with 1 ml phosphate buffered saline (PBS). After washing,

the pellet was resuspended in 120 mM of EMS suspended in 1 mL of PBS. For a non-mutagen-

ized control, 1 mL of PBS was added to the wild-type (WT) cells. All tubes were incubated for

1 hour at 37˚C. Finally, cells were washed three times with PBS to remove EMS and resus-

pended in 1 mL of PBS.

Determining benzalkonium chloride minimum inhibitory concentration

100 μl of overnight culture of FSL-N1-304 WT cells were inoculated on tryptic soy agar (TSA)

+YE agar plates supplemented with 1, 2, 3, 4, and 5 μg/ml benzalkonium chloride (BAC) and

Fig 1. Experimental approach for identifying EMS derived L. monocytogenes mutants with increased tolerance to

benzalkonium chloride. Experimental approach used for chemical mutagenesis, mutant screening for increased

tolerance to benzalkonium chloride, antibiotic susceptibility determination and whole genomic sequencing of mutants

with increased tolerance to benzalkonium chloride. Portions of this figure utilized images from Clker.com, licensed

under Creative Commons CC0 1.0, and Servier Medical Art, licensed under Creative Commons Attribution 4.0.

https://doi.org/10.1371/journal.pone.0305663.g001
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incubated for 48 hours at 37˚C to determine the minimum inhibitory concentration (MIC).

The MIC was defined as the lowest BAC concentration in which no cell growth was observed.

Automated colony quantification and plate imaging was performed using an Interscience

Scan1200 (Interscience, Saint-Nom la Bretèche, France).

Next, mutants were screened for increased tolerance to BAC in liquid media by inoculating

EMS exposed cells into a 96 well plate (BioLite 96 Well Multidish—Thermo Scientific) with

BAC concentrations ranging from 0–11 μg/ml, in increments of 1 μg/ml. The top row in each

plate represented a negative control which was prepared by adding 50 μl PBS to each well

rather than the inoculum. After plating 100 μl of cells treated with EMS and 100 μl of untreated

cells on TSA+YE plates, we found that exposure to EMS resulted in a 1-log reduction in cell

viability. After a 24-hour incubation there was 2.35 x 108 CFU/ml of untreated WT cells, and

8.41 x 107 CFU/ml of EMS treated cell. Thus, to normalize the cell density across WT and

mutagenized cells, we diluted the WT cells 10-fold to bring the final cell density of the inocu-

lum to approximately 1 x 108 CFU/ml. The remaining rows were inoculated with 50 μl of the

mutant cells, undiluted, immediately after exposure to EMS. The 96 well plate was incubated

at 37˚C for 24 hours, and optical density at 600 nm (OD600) was measured using a BioTek

(Winooski, VT, USA) Elx800 microtiter plate reader. Cell density was used to screen the

mutants for BAC tolerant phenotypes. We set a threshold for viable cell growth when OD600�

0.1, as previously described [31].

Validation and MIC determination of increased BAC tolerance in mutants

For mutant cultures that exhibited increased BAC tolerance during screening in 96 well plates,

100 μl was transferred from the wells and inoculated into fresh TSB+YE media and grown

overnight. The overnight cultures were then plated on to TSA+YE to isolate single colonies of

mut-1 andmut-2. These single colonies were grown overnight in TSB+YE and freezer stocks

were prepared in 15% glycerol. All subsequent experimentation was conducted from these

stocks.

To validate the BAC tolerant phenotypes observed in the initial screen, overnight cultures

of mutants and WT were subjected to the similar BAC screening process as described above

using the overnight cultures but in triplicate. After observing that the mutants grew to 6 μg/ml

BAC on the 96 well plate during the original screening following mutagenesis, the screening

plate was set up similarly, but only included media with 0–7 μg/ml BAC, and this time

included three biological replicates for the WT and each mutant. After 24 hours OD600 read-

ings were collected using a microtiter plate reader. The MIC was recorded as the concentration

of BAC in the first well that had an OD600 < 0.10.

Frozen stocks of the WT and mutants were also used to screen for the MIC of BAC on solid

media. Overnight cultures of the WT and mutants were diluted to approximately 1 x 104 CFU/

ml and 100 μl of each diluted culture was spread on tryptic soy agar and yeast extract (TSA

+YE) plates, as well as TSA+YE plates supplemented with 0, 1, 2, 3, 4, 5, 6, 7 μg/ml BAC. Plates

were incubated at 37˚C for 48 hours, then images of the plates were obtained and the colonies

were quantified using an Interscience Scan1200. The MIC was recorded as the first plate that

had no observable colonies for each strain.

Bacterial growth curve and fitness trade-off analysis

Overnight cultures of WT and mutant cultures were standardized to an OD600 of 1.0, and sub-

sequently diluted ten-fold in sterile PBS to achieve a final inoculum of ~104 CFU/ml. A 5μl vol-

ume of this inoculum was then added in triplicate to a 96-well plate (BioLite 96 Well Multidish

—Thermo Scientific) with wells each containing 200 ml of TSB+YE (control), TSB+YE+2 μg/
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ml BAC, or TSB+YE+3 μg/ml BAC. Cultures were then grown for 48 hours at room tempera-

ture and growth kinetics were measured using the oCelloScope (Biosense Solutions, Denmark)

with the following parameters: auto-illumination, auto-focus, image distance = 4.9mm, images

per repetition = 5, repetitions = 48, and repetition interval = 1 hour. Total absorption measure-

ments were recorded using a fixed 505 nm wavelength and growth kinetic analysis was con-

ducted using the normalized total absorption algorithm.

hly virulence assay. We measured hly activity as a proxy for virulence to test if this viru-

lence phenotype was altered in the BAC tolerant mutants compared to the parental strain. hly
encodes listeriolysin O, which is required for pathogenesis. Hemolytic activity was measured for

WT and mutant strains based on a previously described method with minor alterations [32].

Briefly, 1 mL of overnight cultures were centrifuged at 14,000 x g for 10 minutes to pellet the

bacteria. The supernatant (crude exosubstance) was then transferred to a new microcentrifuge

tube and the pellet was discarded. The crude exosubstance was diluted two-fold in PBS in a

96-well plate (Biolite Microwell Plates; ThermoFisher Scientific), leaving a final volume of 100μl

in each well. Negative control wells (0% hemolysis) were prepared with 100 μl sterile PBS. Com-

plete hemolysis (100%) control wells were prepared with 100 μl PBS + 1% Triton X-100. A

sheep blood solution was prepared by washing pooled, defibrinated sheep blood (Carolina Bio-

logical, Burlington, NC) in cold PBS by repeated centrifugation at 600 x g for 10 minutes. Wash-

ing steps were repeated until the supernatant appeared clear and colorless. The clean red blood

cell (RBC) pellet was then diluted in cold PBS + 20mM cysteine to a 3% RBC suspension. 100 μl

of the 3% RBC suspension was then added to each well and mixed by pipetting. The microtiter

plate was then incubated at 37˚C for 30 minutes. Absorbance readings were performed using an

the Elx800 absorbance reader (BioTek; Winooski, VT, USA). The following formula was used

to quantify the hemolysis percentage: Hemolysis % ¼ 1 �
ODs
ODt

� �
� 100, where ODs is the dif-

ference in optical density at 620nm between the sample and the positive control well and ODt is

the difference in optical density at 620nm between the negative and positive control wells.

Determining the minimum inhibitory concentration of antibiotics

Minimum inhibitory concentration test strips (Liofilchem S.r.I.; Roseta, Italy) were used to

determine the MICs of ciprofloxacin, gentamicin, erythromycin, ampicillin, tetracycline, nor-

floxacin, penicillin G, and vancomycin in the WT and mutant strains. Overnight cultures of L.

monocytogenesWT and mutants were diluted to 109 CFU/ml and spread onto TSA+YE plates

using a spreader. Following the manufacturer’s instructions, the Liofilchem strip was posi-

tioned on the surface of agar using sterile forceps, and plates were incubated at 37˚C for 24 h.

Plates were then imaged and MICs were recorded for the WT and mutants for each antibiotic.

The MIC was determined by observing where the zone of inhibition ellipse intersected the

MIC test strip. This assay was performed in duplicate and averaged to determine the final MIC

for each antibiotic. MIC values were classified as susceptible, intermediate, or resistant to the

antibiotic according to CLSI breakpoint values for Staphylococcus spp. [33]. Because antibiotic

breakpoints for CLSI, EUCAST or FDA are not reported for L.monocytogenes, we chose to

report breakpoints for Staphylococcus spp as it is the most closely related.

Whole genome sequencing of FSL-N1-304 and BAC tolerant mutants

From a frozen stock, WT cells were inoculated in TSB+YE media and incubated for 24 hours

at 37˚C. 1 mL of the overnight culture was centrifuged at 14,000 x g for 10 minutes to pellet the

cells. DNA extraction was performed on the pelletized cells using the PureLink Microbiome

DNA Purification Kit (Invitrogen; Carlsbad, CA) following the manufacturer’s instructions.
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For the WT strain, 150-bp paired-end libraries were generated at the Microbial Genome

Sequencing Center (Pittsburgh, PA, USA) and sequenced on a NextSeq 2000 sequencer (Illu-

mina; San Diego, CA, USA). Low quality reads were trimmed and adapter sequences were

removed from Illumina sequences using bcl2fastq (version 2.20.0.445) (RRID:SCR 015058)

[34]. Oxford Nanopore Technologies (ONT) (Oxford, UK) PCR-free ligation library prepara-

tion was also used to generate long sequence reads. ONT reads were adapter and quality

trimmed using porechop33 (version 0.2.3_seqan2.1.1) (RRID:SCR_016967) [35]. Hybrid

assemblies were generated from Illumina and ONT reads using Unicycler (version 0.4.8) and

assembly quality was assessed using QUAST (version 5.0.2) [36,37]. Gene models were pre-

dicted with functional annotations using Prokka (version 1.14.5) with default parameters and

‘—rfam’ [38]. Culturing and DNA extraction of mutant strains was performed with the same

protocol as the WT and 150-bp paired-end libraries were generated using Illumina sequencing

as described above [34,36–38].

Identifying mutations in BAC tolerant mutants

TrimGalore version 0.3.7 (RRID:SCR_011847) was used to trim adapter sequences and trim

reads at low quality positions with the following parameters:—quality 30,—stringency 1,—

gzip,—length 50 [39,40]. All subsequent software was used with default parameters unless oth-

erwise specified. BWA (version 0.7.15) (RRID:SCR_010910) was used to map the mutant rese-

quencing data against the ancestral reference genome [41]. Samtools (version 1.4.1) (RRID:

SCR_002105) and bamaddrg (https://github.com/ekg/bamaddrg) were used to index and add

sample names to the sorted BAM files, respectively [42]. Joint genotyping for SNPs and short

indels of the mutants was performed using Freebayes (version 1.3.1) (RRID:SCR_010761)

[43]. GATK (v. 4.0.6) was used to convert the resulting VCF files into table format [44]. A

SnpEff database was built for the FSL-N1-304 WT reference genome and SNP annotation pre-

diction was performed in the mutant strains using SnpEff (version 4.1) [45]. Large-scale Blast

Score Ratio (LS-BSR) was used to investigate gene presence/absence mutations using default

parameters with the exception of “-b blastn -c cdhit” [46]. The InterPro server was used to pre-

dict protein domains in candidate proteins (https://www.ebi.ac.uk/interpro/) [47].

RNA-sequencing and differential gene expression analysis

We performed RNA-seq on the WT and mutant strains in the presence of BAC in order to

compare their transcriptome profiles. Each culture was revived from freezer stocks by growing

in TSB+YE overnight at 37C. 100μl of overnight cultures was then passaged into TSB+YE con-

taining 2 μg/ml BAC and grown to mid-log phase (10 hours). This concentration of BAC was

chosen because it was the highest we could grow the WT without completely inhibiting

growth, allowing us to compare the transcriptome response to BAC stress in both the WT and

the mutants. Bacteria were then centrifuged at 14,000 x g for 10 minutes to obtain bacterial pel-

lets which were rapidly frozen using dry ice. RNA extraction, ribosomal depletion library prep-

aration and sequencing were performed at SeqCenter (Pittsburg, PA). Sequencing was

performed on a NovaSeq 6000 (Illumina; San Diego, CA, USA), generating 2x51bp reads.

Three biological replicates were sequenced for each sample. Adapter trimming and demulti-

plexing were performed with bcl-convert (v4.0.3) [34]. Genome indexing and mapping were

performed using bwa (v0.7.17) with default parameters [41]. Samtools (v1.14) was used to sort

and index BAM files [42]. Bedtools2 (v2.30.0) was used to extract read counts per transcript

from gene coordinates in the sorted BAM files [48]. The DESeq2 (version 1.38.3) package was

used in R (version 4.2.3 and RStudio 2023.03.1+446) to normalize read counts and identify dif-

ferentially expressed genes [49]. Differential expression thresholds were defined using log-fold
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change [log2(FC)] values >1 (up-regulated) and<-1 (down-regulated). A p-value significance

threshold was also defined using the multiple test corrected p-value 1.6E-5. Principal compo-

nent analysis (PCA) was performed on DESeq2 normalized read counts using JMP Pro (ver-

sion 17) to examine the relationship between samples and replicates [50]. Volcano plots of

gene expression (DESeq2 normalized read counts) and p-value were generated using ggplot2

(version 3.4.1) [51]. KEGG annotations were generated for the whole genome and used to

identify statistically significant overrepresentations of specific KEGG terms among differen-

tially expressed genes using Fisher’s exact tests in R using an FDR cutoff of 0.01 [52].

Results

BAC MIC in FSL-N1-304 and mutants

The BAC MIC for FSL-N1-304 was measured in both liquid culture and solid media to estab-

lish a baseline MIC for all subsequent screening steps. All experiments were performed in trip-

licate and averaged to calculate the baseline MIC. In the liquid culture assay, the BAC MIC for

the WT strain was 4 μg/ml (Fig 2A). For the solid media assay, the BAC MIC was 3 μg/ml (Fig

2B). During our mutant screening, we isolated two mutants with increased tolerance to BAC

(mut-1 andmut-2).mut-1 andmut-2 displayed BAC MICs of 7 μg/ml in liquid culture, and 4

and 5 μg/ml in solid culture, respectively (Fig 2A and 2B). We also measured the growth kinet-

ics of the WT, mut-1, and mut-2 in the presence of 0, 2, and 3ug/ml BAC in liquid TSB+YE

media over the course of 48 hours. Under BAC stress, we observed diminished growth and an

extended lag phase in the WT compared tomut-1 andmut-2 (Fig 3). Notably, WT,mut-1 and

mut-2 had nearly identical growth patterns in TSB+YE (Fig 3), suggesting there is no growth

tradeoff in the absence of BAC in the mutant strains.

BAC tolerant mutants show increased tolerance to some antibiotics

Previous studies showed that BAC tolerant L.monocytogenes isolates often also showed

increased tolerance to some antibiotics [22,24]. To test whether this phenomenon was

observed in our BAC tolerant mutants, we measured the MIC of ciprofloxacin, gentamicin,

erythromycin, ampicillin, tetracycline, norfloxacin, penicillin G, and vancomycin in the WT

and mutant strains (Fig 4 and Table 1). The MICs for erythromycin, ampicillin, tetracycline

and penicillin G in the WT and mutants were either identical, decreased in the mutants, or

showed a minor increase in the mutants but would still be considered “sensitive” to the antibi-

otic based on Staphylococcus spp. MIC breakpoints [33]. Additionally, we observed a near dou-

bling of vancomycin MIC from 0.44 μg/ml in the WT to 0.75 and 0.875 μg/ml inmut-1 and

mut-2, respectively, and an increase in gentamicin MIC from 1.25 μg/ml to 4 μg/ml inmut-2
(Fig 4A and Table 1). The mutant vancomycin and gentamicin MICs are still considered “sen-

sitive” to the antibiotics, based on MIC breakpoints for other species. For ciprofloxacin, we

observed an increase in MIC from 0.5 μg/ml in the WT to 2 μg/ml inmut-1, which is consid-

ered “intermediate” tolerance (Table 1 and Fig 4B). Lastly, we observed a substantial increase

in norfloxacin MIC from 2.5 μg/ml in the WT to 16 and 8 μg/ml inmut-1 andmut-2, respec-

tively (Table 1 and Fig 4B). Norfloxacin MICs of 8 and 16 μg/ml are considered “intermediate”

and “resistant”, respectively.

Assessing virulence potential through hemolytic assay

To test whether the BAC tolerant phenotype is linked with L.monocytogenes virulence, we

measured hly activity, an essential component of virulence, in the WT and mutant strains. hly
activity was measured as the percent of hemolysis in goat blood. The parental strain had an
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average hemolysis of 6.05%, whilemut-1 andmut-2 had significantly higher hemolysis activi-

ties of 67.71% (p-value = 0.00093) and 45.45% (p-value = 0.012), respectively (Fig 5).

Genomic analysis of mutants

To investigate the EMS induced mutations that may account for the increased tolerance to

BAC and antibiotics, we generated a complete genome assembly for FSL-N1-304 using Illu-

mina and ONT sequencing and predicted genes and functional annotations (NCBI SRA run

accession numbers SRR17006605 and SRR17067427 for the Illumina and ONT data, respec-

tively). The genome was assembled into two contigs consisting of the genome (~3 Mb) and a

plasmid (pLIS10–63.8Kbp) with a total of 3,033 protein coding genes (NCBI accession number

Fig 2. Minimum inhibitory concentration of benzalkonium chloride in WT and mutant L. monocytogenes strains. A) Columns represent samples (WT,

mut-1 andmut-2) and biological replicates, whole rows show the concentration (ug/ml) of benzalkonium chloride. Each component of the matrix shows the

OD value after overnight growth. Growth was considered entirely inhibited when OD values< 0.1. The red shading represents OD value, with light and dark

red representing low and high OD values. B) Minimum inhibitory concentrations of L.monocytogenesWT and mutants to benzalkonium chloride on solid

media. 100 μl of overnight culture from the WT, mut-1 and mut-2 was spread onto TSA+YE plates with 0, 1, 2, 3, 4, 5, 6, and 7 μg/ml benzalkonium chloride

and incubated at 37˚C for 24 hours. Plates were then imaged on an Interscience Scan1200. Benzalkonium chloride minimum inhibitory concentration (MIC)

was determined as the concentration at which no colonies were visible.

https://doi.org/10.1371/journal.pone.0305663.g002
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GCA_021391455.1). This high-quality genome was used as a reference to map Illumina whole-

genome resequencing data formut-1 andmut-2. We identified 3 and 29 mutations in themut-
1 andmut-2 genomes, respectively. Formut-1, consistent with EMS resulting mainly in G:

C>A:T transitions, we observed three G>A missense mutations in genes with predicted func-

tions as a diacylglycerol kinase, a permease, and a resuscitation-promoting factor (Table 2; Fig

6). Inmut-2, we observed seven C>T transitions, 20 G>A transitions, one G>T transversion,

and one single nucleotide deletion (Table 2). Twenty two of the 29 mutations inmut-2 were

missense mutations, three resulted in premature stop codon mutations, and a single nucleotide

Fig 3. Growth rate analysis of WT, mut-1, and mut-2 in response to increasing concentrations of benzalkonium chloride. Each culture was grown at room

temperature for 48 hr and the growth rate was measured using the oCelloScope. (A) Growth curve of WT and mutant strains based on the total absorption

(505nm wavelength) values in each microtiter well. (B) Growth curve of WT and mutant strains based on background corrected absorption (BCA) values.

Growth rate was measured in 3 biological replicates for each sample. WT,mut-1, andmut-2 are depicted by red, light blue and purple lines, respectively.

https://doi.org/10.1371/journal.pone.0305663.g003

Fig 4. Minimum inhibitory concentrations of various antibiotics in the wild type and mutants with increased tolerance to benzalkonium chloride. The

minimum inhibitory concentrations of ampicillin, erythromycin, gentamicin, tetracycline, penicillin G, and vancomycin (A) and the fluoroquinolones,

ciprofloxacin and norfloxacin (B) were measured in the WT,mut-1 andmut-2 using Liofilchem Minimum inhibitory test strips. 109 CFU/ml cells were spread

onto the TSA-YE plates and incubated at 37˚C for 24 hours to create a lawn. The minimum inhibitory concentration was determined as the point where the

edge of the inhibition ellipse intersected with the MIC Test Strip.

https://doi.org/10.1371/journal.pone.0305663.g004
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deletion resulted in a frameshift mutation (Table 2). Interestingly, none of the genes with

mutations inmut-1 andmut-2 overlapped, suggesting different mechanisms of increased BAC

tolerance.

Additionally, we investigated whether gene gain or loss in the mutants may have changed

after mutagenesis using the LS-BSR pipeline [46]. Consistent with predictions from EMS

mutagenesis, we did not detect any gene gains or losses inmut-1 ormut-2, suggesting that

structural variants did not influence the increase in BAC tolerance.

Differential gene expression analysis between WT and BAC-tolerant

mutants

We performed RNA-sequencing of the WT,mut-1 andmut-2 in biological triplicates during

growth in TSB+YE containing 2 μg/ml BAC for 10 hours (mid-log phase) to examine tran-

scriptome profile differences across samples. We performed principal component analysis

(PCA) of DESeq2 normalized read counts (Fig 7C). Biological replicates for each sample clus-

tered together, suggesting the biological replicates had similar transcriptome profiles, and that

there are major differences in the transcriptome response to BAC across samples. We indepen-

dently identified differentially expressed genes inmut-1 andmut-2 relative to the WT. We

identified 282 up-regulated genes and 134 down-regulated genes inmut-1, and 136 up-regu-

lated and 45 down-regulated genes in mut-2 (Fig 7).mut-1 andmut-2 share 55 up-regulated

genes and 15 down-regulated genes (S1 and S2 Figs). Genes of the phosphotransferase system

(PTS) (including bglG, dhaL, dhaM, ulaA, fruA,manZ, and licABC) were up-regulated in both

mut-1 andmut-2 compared to the WT. KEGG pathway enrichment analysis supported this

observation, revealing that KEGG terms corresponding to the PTS were overrepresented

amongst all up-regulated genes in bothmut-1 (p-value = 0.000452) andmut-2 (p-

value = 0.00112). Additionally, two internalin-encoding genes, inlB and inlH, the groEL-groES
chaperonin system, transcriptional antiterminator lmo0425, and multidrug transporter

lmo2463 were all up-regulated in bothmut-1 andmut-2. Interestingly, KEGG pathway enrich-

ment analysis also revealed that genes involved in amino acid biosynthesis were overrepre-

sented in the up-regulated genes ofmut-1, while amino acid metabolism was overrepresented

in up-regulated genes ofmut-2 (S3 and S4 Figs).

We identified fepR, the negative regulator of the efflux pump fepA, in the subset of genes

down-regulated in bothmut-1 andmut-2 (Fig 7A and 7B). Interestingly, despite the down-

Table 1. Minimum inhibitory concentrations of antibiotics for the WT, mut-1 and mut-2, calculated as the average of two replicates.

Antibiotic WT MIC (μg/ml) mut-1 MIC (μg/ml) mut-2 MIC (μg/ml) Antibiotic breakpoint for Staphylococcus
Ampicillin 0.055 0.016 0.055 �0.5

Erythromycin 0.315 0.315 0.22 �0.8

Gentamycin 1.25 1.5 4* �16

Penicillin G 0.035 0.035 0.0275 �0.25

Tetracycline 0.157 0.1875 0.1875 �16

Vancomycin 0.44 0.75 0.875 �16

Ciprofloxacin 0.5 2* (I) 0.5 �4

Norfloxacin 2.5 16** (R) 8* (I) �16

(I): Value qualified as intermediate resistance as defined by the CLSI minimum inhibitory concentration breakpoints for Staphylococcus spp.

(R): Value qualified as resistant as defined by the CLSI minimum inhibitory concentration breakpoints for Staphylococcus spp.

*� 2-fold increase in MIC compared to WT.

**� 4-fold increase in MIC compared to WT.

https://doi.org/10.1371/journal.pone.0305663.t001
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regulation of fepR, we found that fepA was highly down-regulated (LFC = -3.05, p-value = 0) in

mut-2. We also observed transcriptome profile differences between the two mutants in the ilv-
leu operon, which is highly up-regulated only inmut-1 (leuA—LFC = 2.35, p-value = 2.91E-08;

leuB—LFC = 2.52, p-value = 2.15E-13; leuC—LFC = 2.40, p-value = 1.28E-12; leuD—

LFC = 2.46, p-value = 7.07E-14; ilvA—LFC = 2.26, p-value = 5.63E-34; ilvB—LFC = 1.82,

Fig 5. Hemolytic activity is significantly increased in BAC-tolerant mutants. To investigate the relationship between BAC tolerance and virulence, we

conducted a hemolysis assay usingmut-1,mut-2, and the parental strain. Percent hemolysis, which is a semi-quantitative proxy for the expression of key

L.monocytogenes virulence factor listeriolysin O is reported. Error bars represent the standard deviation of percent hemolysis for each lineage. Statistically

significant values between WT,mut-1 (p-value = 0.00093), andmut-2 (p-value = 0.012) are indicated by an asterisk.

https://doi.org/10.1371/journal.pone.0305663.g005

Table 2. Description of genetic variants identified from comparative genomic analysis of WT, mut-1, and mut-2. Nucleotide base substitutions are displayed to dem-

onstrate the G to A and C to T transitions that are characteristic of EMS mutagenesis. UniProtKB, BioCyc, and NCBI BLAST databases were used to annotate all genes and

their corresponding protein products.

Mutant Gene ID WT allele mut allele Mutation Gene

Name

Annotation

mut-1 MEAOLCCM_00593 G A p.

His245Tyr

dagK Diacylglycerol kinase

MEAOLCCM_01768 G A p.Pro60Ser lmo2768 Permease

MEAOLCCM_02042 G A p.

Glu202Lys

lmo0186 Resuscitation-promoting factor

(Continued)
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Table 2. (Continued)

Mutant Gene ID WT allele mut allele Mutation Gene

Name

Annotation

mut-2 MEAOLCCM_00152 C T p.

Pro353Ser

xseA Exodeoxyribonuclease 7 large subunit

MEAOLCCM_00294 G A p.Ser82Phe udk Uridine kinase

MEAOLCCM_00401 C T UGV lmo1597 Hypothetical protein

MEAOLCCM_00412 C T p.Val150Ile pheT PheT protein

MEAOLCCM_00708 G A p.Thr139Ile msrA Peptide methionine sulfoxide reductase MsrA

MEAOLCCM_00742 C T p.

Ala148Val

ponA Penicillin-binding protein 1A/1B

MEAOLCCM_00894 G A p.Pro29Ser murG UDP-N-acetylglucosamine—N-acetylmuramyl-

(pentapeptide) pyrophosphoryl-undecaprenol N-

acetylglucosamine transferase

MEAOLCCM_00905 G A UGV lmo2045 Hypothetical protein

MEAOLCCM_00932 G A p.Tyr25Tyr rex Redox-sensing transcriptional repressor Rex

MEAOLCCM_01029 G T UGV lmo2085 Peptidoglycan binding protein

MEAOLCCM_01142 G A p.Arg150* pepF Oligoendopeptidase F plasmid

MEAOLCCM_01207 G A p.

Gly229Ser

aspB Asparagine—oxo-acid transaminase

MEAOLCCM_01289 G A p.

Val486Val

mrpA Na(+)/H(+) antiporter subunit A

MEAOLCCM_01298 G A p.

Gly124Asp

yfeO Putative ion-transport protein YfeO

MEAOLCCM_01398 G A p.Gln359* uvrB UvrABC system protein B

MEAOLCCM_01420 G A p.

Ser139Leu

hpf Ribosome hibernation promotion factor

MEAOLCCM_01494 G A UGV hssS Heme sensor protein HssS

MEAOLCCM_01544 G A p.Gln113* unknown YopX family protein

MEAOLCCM_01547 TCTTTACTTTCCTTTACTTTCC TCTTTACTTTCC frameshift unknown Hypothetical protein

MEAOLCCM_01628 G A p.

Lys135Lys

lmo2638 NADH dehydrogenase

MEAOLCCM_01686 G A p.

Ala226Val

speA Arginine decarboxylase

MEAOLCCM_01991 C T p.

Glu398Glu

lmo0130 Cell wall protein

MEAOLCCM_02285 C T p.Ser486Ser inlA Internalin A

MEAOLCCM_02368 C T p.

Ser244Leu

lmo0501 BglG family transcription antiterminator

MEAOLCCM_02534 G A p.Gly87Asp ssbA Single-stranded DNA-binding protein A

MEAOLCCM_02864 G A p.

Asp435Asn

licR putative licABCH operon regulator

MEAOLCCM_02969 G A p.

Gly112Asp

cutC Copper homeostasis protein CutC

MEAOLCCM_03024 G A p.Ser504Ser pycA Pyruvate carboxylase

MEAOLCCM_03069 G A p.Val214Ile lmo1135 Immunity 26/phosphotriesterase HocA family

protein

WT allele = wild-type allele, mut allele = mutant allele, mutation = mutation in protein, UGV = upstream gene variant.

https://doi.org/10.1371/journal.pone.0305663.t002
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p-value = 3.32E-06; ilvC—LFC = 2.27, p-value = 2.12E-09; ilvH—LFC = 2.02, p-value = 1.76E-

08). The ilv-leu operon is involved in branched-chain amino acid synthesis and has been asso-

ciated with L.monocytogenes survival under harsh, host-associated conditions [53,54]. Only

four of the candidate genes with mutations in eithermut-1 ormut-2 were differentially

expressed (mut-1: lmo0186 and mut-2: rex, yfeO, hpf).

Discussion

Here, we used EMS mutagenesis to generate L.monocytogenesmutants with increased toler-

ance to BAC in an effort to understand the potential genetic underpinnings and transcriptome

response to BAC tolerance, and the off-target effects of BAC tolerance on antibiotic sensitivity.

We conducted this study with L.monocytogenes FSL-N1-304 because this strain lacks genomic

elements, such as bcrABC, qacH and Tn6188, which are involved in QAC resistance [55–57].

For instance, analysis of over 116 L.monocytogenes isolates from diverse serotypes and origins

revealed that 71 of the 72 strains displaying BAC resistance harbored bcrABC [55], while

another study showed that strains harboring Tn6188 have BAC MICs twice as high as strains

lacking Tn6188 [57]. Thus, the isolation of FSL-N1-304 mutants displaying increased BAC tol-

erance could reveal novel genetic elements and mechanisms involved in BAC tolerance.

We generated two mutants with elevated BAC MICs in both liquid and solid media com-

pared to the parental FSL-N1-304 strain (Figs 2 and 3). Additionally,mut-1 andmut-2 har-

bored resistance and increased tolerance to norfloxacin, respectively, while the parental

FSL-N1-304 strain was sensitive to the antibiotic (Table 1 and Fig 4B). We sequenced the

genomes of the WT,mut-1 andmut-2 to identify candidate mutations involved in increased

BAC tolerance. Interestingly, the number of mutations we observed between our two mutants

Fig 6. Candidate proteins in mutants with increased resistance to benzalkonium chloride. The common L.monocytogenes gene name is provided for each

protein. InterPro functional domains are represented by colored ellipses. The yellow lightning bolt symbol represents the site of the nonsynonymous

mutations. (A and B) dagK (locus tag: LZJ96_02845) and resuscitation-promoting factor (LZJ96_09855) mutations were present inmut-1, while (C and D)

ponA (LZJ96_03560) and hpf (LZJ96_06860) mutations were present inmut-2. The number at the end of the protein represents the length of the protein in

amino acids.

https://doi.org/10.1371/journal.pone.0305663.g006
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differed by an order of magnitude (Table 2). In two recent EMS mut-seq studies in L.monocy-
togenes, 1 to 6 mutations were observed per mutant [58,59].mut-2 contained 29 mutations,

and the majority of these mutations were in G:C > A:T transitions, consistent with expecta-

tions from EMS mutagenesis. However, we observed a mutation in uvrB (which encodes the

nucleotide excision repair enzyme UvrABC system protein B) that results in a premature stop

codon and truncated protein that lacks the C-terminus helicase C, UvrB_YAD/RRR_dom,

and UVR_dom domains (Table 2). This mutation is likely responsible for the higher number

of mutations observed inmut-2.

Fig 7. Transcriptome response to BAC stress in WT and mutants. (A) Principal component analysis of RNA-sequencing data reveals distinct clustering of

WT and mutant strains. PCA was conducted on genome-wide normalized DESeq2 read counts.mut-1 andmut-2 replicates are displayed using purple dots and

light blue dots, respectively. WT replicates are represented with black dots. (B and C) Volcano plots displaying differential gene expression analysis results for

mut-1 (B) andmut-2 (C) show differential gene expression of mutants relative to the parental strain. Vertical dashed lines represent differential expression

thresholds, which were defined using log-fold change [log2(FC)] values>1 (up-regulated) and<-1 (down-regulated). The horizontal dashed line represents

the significance threshold defined using a multiple test corrected p-value: (significance level)/(total # of genes) = 0.05/3201 = 1.6E-5. (D) Venn diagram

comparison of all up-regulated genes identified inmut-1 andmut-2. The PTS accounted for 9 out of 52 (16.67%) shared up-regulated genes. (E) Enrichment of

KEGG terms among differentially expressed genes. The proportion of genes belonging to each functional category within (1) the total WT genome, (2)

differentially expressed genes in mut-1, and (3) differentially expressed genes in mut-2 correspond to black, pink, and green bars, respectively. Asterisks

indicate significant overrepresentations (p-value<0.01).

https://doi.org/10.1371/journal.pone.0305663.g007
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mut-1 contained only three nonsynonymous mutations that differentiate it from the paren-

tal FSL-N1-304 strain. One of these mutations occurred in dagK (lmo1753), a gene encoding a

diacylglycerol kinase (DAGK) (Fig 6A). In a previous study investigating L.monocytogenes
adaptation to QACs, mutations were observed in lmo1753 in all QAC-tolerant strains, leading

the authors to hypothesize that lmo1753mutations contribute to QAC tolerance by altering

fatty acid composition [60]. Membrane modifications and increased hydrophobicity has been

previously identified as a putative mechanism of BAC resistance in L.monocytogenes [61–63].

In E. coli, DAGK recycles diacylglycerol that is produced by membrane-derived oligosaccha-

ride biosynthesis [64]. Interestingly, in Acinetobacter baumannii, dagK was significantly up-

regulated in a colistin-resistant strain compared to its colistin-susceptible parental strain [65].

Both colistin and BAC disrupt the membrane, and alterations to expression or structure may

improve cell membrane integrity, underlying a potential mechanism for increased BAC toler-

ance inmut-1. Additionally,mut-1 contained a nonsynonymous mutation in a predicted per-

mease encoding gene (Table 2). The P60S mutation is predicted to occur outside the

membrane in the extracellular region. Lastly, we observed a mutation in a gene encoding a pre-

dicted resuscitation-promoting factor that is also annotated in the Gene Ontology category

peptidoglycan turnover (GO:0009254) (Fig 6B). As a gram-positive bacterium, the L.monocy-
togenes cell wall is composed of a rigid layer of peptidoglycan that acts as a barrier to the exter-

nal environment. It has previously been hypothesized that modifications to peptidoglycan

synthesis could alter membrane fluidity and could be involved in BAC resistance [21].

Though linking mutations to the increased BAC tolerance phenotype inmut-2 is more

challenging because of the relatively large number of mutations observed, we identified several

interesting candidates.mut-2 contained a nonsynonymous mutation (A148V) in the penicil-

lin-binding protein (PBP) encoding gene, ponA (Fig 6C). This protein is involved in polymer-

izing and modifying peptidoglycan, making it an interesting candidate for the BAC tolerance

phenotype. While PBPs have not been implicated in QAC resistance, their presence has been

associated with L.monocytogenes resistance to β-lactam antibiotics [66]. Additionally, we

observed a nonsynonymous mutation (S139L) in the gene encoding for the ribosome hiberna-

tion promotion factor (HPF) (Fig 6D). In L.monocytogenes, hpf knockout mutants showed

greater uptake of gentamicin and generally, were more sensitive to aminoglycosides during

stationary phase [67]. This mutation is an interesting candidate, as we observed an increase in

gentamicin MIC from 1.25 μg/ml in the parental strain to 4 μg/ml inmut-2 (Fig 4A, Table 1).

Additionally, L.monocytogenes strains harboring plasmid pLMST6, which contains emrC, a

multidrug efflux pump transporter, showed increased tolerance to both BAC and gentamicin

[68], suggesting increased tolerance to these compounds may be achieved through similar

paths.

We hypothesized that there are two separate efflux mechanisms acting as contributors to

the decreased antimicrobial susceptibility observed in these mutants because the transcriptome

profiles of the two mutants reveal differential expression of fepR and lmo2463. fepR encodes a

transcriptional regulator that negatively regulates its downstream target, FepA, a multi-drug

efflux pump that is linked to both QAC and fluoroquinolone resistance [24,25,69]. One study

showed that a loss-of-function frameshift mutation in fepR resulted in up-regulation of fepA
and subsequent resistance to norfloxacin and ciprofloxacin [27]. Another study experimentally

evolved L.monocytogenes for increased tolerance to BAC and didecyldimethyl ammonium

chloride and showed that these adapted lineages were also resistant to ciprofloxacin stemming

mainly from missense and nonsense mutations in fepR [25]. Interestingly, the increased toler-

ance to ciprofloxacin was only observed inmut-1 and was not as drastic as the increased MIC

for norfloxacin (Fig 4B). We did not observe mutations in fepR or fepA in the mutants, which

initially suggested that the increased tolerance to BAC and fluoroquinolones occurred through
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pathways independent of the fepR/fepA genotype. However, our RNA-seq results suggest that

the fepR/fepAmechanism may be still contributing to the BAC mutant phenotypes. fepR was

down-regulated in both mutants in the presence of BAC, albeit the relative expression was

considerably lower inmut-2 compared tomut-1 (mut-1: log2[FC] = -3.22 andmut-2: log2[FC]

= -1.03). Despite down-regulation of its negative repressor in bothmut-1 andmut-2, surpris-

ingly, fepA was significantly down-regulated inmut-1, and not significantly differentially

expressed inmut-2 (Fig 7). Previously work had shown that increased BAC tolerance is often

associated with up-regulation of fepA. However, in the present study, fepA is down-regulated

in the BAC-tolerantmut-1, suggesting fepA and fepR independent mechanisms for BAC

tolerance.

The second efflux pump mechanism that we hypothesize may be contributing to decreased

antimicrobial susceptibility is the MmpL family transporter protein encoded by lmo2463.

MmpL family transporters are a class of multi-drug resistance proteins that increase resistance

to fluoroquinolones in E. coli [70]. Other studies have shown that MmpL family proteins were

induced under acid stress in L.monocytogenes [71]. We found that lmo2463 was up-regulated

in both mutants when grown in the presence of BAC stress. Additionally, considering the

increased tolerance to fluoroquinolone antibiotics compared to the WT, the MmpL trans-

porter is a potential candidate of BAC and fluoroquinolone tolerance. Efflux pump deletion

mutants will need to be generated in future work to determine if synergistic effects exist

between fepR/fepA and the MmpL efflux mechanism.

Collectively, our results offer potential insight to the aforementioned hypothesis that vari-

ability in peptidoglycan synthesis contributes to BAC tolerance as we observed a significant

up-regulation of genes of the PTS, which is involved in cell wall turnover and peptidoglycan

modulation [21,72]. Enrichment analysis of KEGG pathways also revealed thatmut-1 and

mut-2 contained 20 and 14 up-regulated PTS genes, respectively. The PTS in L.monocytogenes
(as well as other bacterial pathogens) is associated with tolerance mechanisms to various stress-

ors including sanitizers and antibiotics [61,71,73–76]. Several PTS genes that were up-regu-

lated inmut-1 andmut-2 are highlighted in Fig 7A and 7B, including ulaA, dhaM, andmanZ.

Another study on benzalkonium chloride tolerance in L.monocytogenes found thatmanZ
mutations were only observed in benzalkonium-adapted strains, which provides further sup-

port that the PTS is heavily involved in biocide tolerance [25]. Further, an additional study

demonstrated similar findings, observing that PTS genes were highly up-regulated in L.mono-
cytogenes when exposed to benzethonium chloride (BZT), another QAC [61]. The PTS has

other implications for stress tolerance as demonstrated by the disruption of the mannose-spe-

cific PTS operonmpt and overexpression of the bgl operon, which caused increased resistance

to bacteriocins [74,75,77].

As shown in Fig 5, a significant increase in hemolytic activity was observed in bothmut-1
(p-value = 0.000931) andmut-2 (p-value = 0.0125) compared to the WT, suggesting that

increased BAC tolerance may be positively correlated to higher hemolytic activity. Addition-

ally, several internalin-encoding genes involved in virulence, including inlB and inlH, were

up-regulated in bothmut-1 (inlB—LFC = 2.42, p-value = 1.84E-138; inlH—LFC = 2.82, p-

value = 1.01E-201) andmut-2 (inlB—LFC = 2.15, p-value = 3.61E-109; inlH—LFC = 1.46, p-

value = 4.25E-55) (Fig 7A and 7B). Expression of inlH has been previously shown to be associ-

ated with L.monocytogenes stress response, as it is under σB-dependent regulation [78]. Tran-

scriptional analysis showed no significant difference in the expression of hly or other key

virulence factors such as prfA, actAB, or plcAB under BAC stress. We did, however, observe

significant up-regulation of the ATPase-encoding gene, clpC (mut-1: LFC = 1.58, p-

value = 9.92E-104 andmut-2: LFC = 1.14, p-value = 3.79E-54), which has been previously asso-

ciated with increased virulence and increased susceptibility to a variety of stressors [79,80]. In
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mut-1, we also observed up-regulation of the ilv-leu operon, which is primarily associated with

branched-chain amino acid synthesis but has also been shown to be under nutrient-dependent

negative regulation by two virulence effectors, CodY and Rli60 [53,54]. Overall, our observa-

tions suggest that the adaptive response to BAC stress may influence virulence determinants.

Alternatively, mutations introduced during mutagenesis that are not involved in BAC toler-

ance could account for the observed increase in hemolysis.

Taken together, our work suggests that the emergence of adaptive mutations for BAC toler-

ance in L.monocytogenes isolates found in food processing facilities could also result in strains

that are more virulent (Fig 5) and have increased tolerance to particular antibiotics (Table 1,

Fig 4). While the mutants we isolated did not develop BAC resistance at levels that would

enable survival at BAC concentrations used for sanitization in industry, environments such as

floor drains may present scenarios in which sanitizers are diluted to sub-lethal concentrations,

resulting in continued exposure and subsequent adaptation. For instance, a recent study in L.

monocytogenes observed that sub-lethal short-term exposure (10 days) to BAC and didecyldi-

methylammonium chloride resulted in decreased susceptibility to ciprofloxacin [28]. Addi-

tionally, several adaptive laboratory evolution studies in which Pseudomonas aeruginosa or E.

coli were grown in the presence of BAC have observed decreased sensitivity to BAC, and

increased resistance to several unrelated antibiotics [81–83]. Thus, understanding the genetic

underpinnings and consequences of BAC tolerance is vitally important for both controlling L.

monocytogenes in the food processing environment and for preventing the spread of antibiotic

resistance.

Supporting information

S1 Fig. UniProt BLAST annotation of genes that were up-regulated in both mut-1 and

mut-2.

(TIF)

S2 Fig. UniProt BLAST annotation of genes that were down-regulated in both mut-1 and

mut-2.

(TIF)

S3 Fig. KEGG term enrichment of up-regulated genes. KEGG terms were assigned for the

whole genome and enrichment analysis was performed using Fisher’s exact test to identify

gene categories that were significantly up-regulated in the mutant strains (p-value < 0.01).

(TIF)

S4 Fig. KEGG term enrichment of down-regulated genes. KEGG terms were assigned for

the whole genome and enrichment analysis was performed using Fisher’s exact test to identify

gene categories that were significantly down-regulated in the mutant strains (p-value < 0.01).

(TIF)

Author Contributions

Conceptualization: Tyler D. Bechtel, Julia Hershelman, John G. Gibbons.

Data curation: Tyler D. Bechtel, John G. Gibbons.

Formal analysis: Tyler D. Bechtel, Julia Hershelman, Mrinalini Ghoshal.

Funding acquisition: Lynne McLandsborough, John G. Gibbons.

Investigation: Tyler D. Bechtel, Julia Hershelman, John G. Gibbons.

PLOS ONE Listeria monocytogenes mut-seq for increased benzalkonium chloride tolerance

PLOS ONE | https://doi.org/10.1371/journal.pone.0305663 July 19, 2024 17 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0305663.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0305663.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0305663.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0305663.s004
https://doi.org/10.1371/journal.pone.0305663


Methodology: Tyler D. Bechtel, Julia Hershelman, Mrinalini Ghoshal, Lynne McLandsbor-

ough, John G. Gibbons.

Project administration: John G. Gibbons.

Resources: Mrinalini Ghoshal, Lynne McLandsborough, John G. Gibbons.

Software: John G. Gibbons.

Supervision: Tyler D. Bechtel, John G. Gibbons.

Validation: Tyler D. Bechtel.

Visualization: Tyler D. Bechtel, Julia Hershelman, John G. Gibbons.

Writing – original draft: Tyler D. Bechtel, Julia Hershelman, John G. Gibbons.

Writing – review & editing: Tyler D. Bechtel, Julia Hershelman, Mrinalini Ghoshal, Lynne

McLandsborough, John G. Gibbons.

References
1. Farber JM, Peterkin PI. Listeria monocytogenes, a food-borne pathogen. Microbiol Rev. 1991; 55: 476–

511. https://doi.org/10.1128/mr.55.3.476-511.1991 PMID: 1943998

2. Ramaswamy V, Cresence VM, Rejitha JS, Lekshmi U, Dharsana KS, Prasad P, et al. Listeria-review of

epidemiology and pathogenesis. J Microbiol Immunol Infect. 2007; 40: 4–13. PMID: 17332901

3. Clauss HE, Lorber B. Central Nervous System Infection with Listeria monocytogenes. 2008 [cited 19

Jan 2023]. Available: http://www.cdc.gov/pulsenet/.

4. Madjunkov M, Chaudhry S, Ito S. Listeriosis during pregnancy. Arch Gynecol Obstet. 296. https://doi.

org/10.1007/s00404-017-4401-1

5. Scallan E, Hoekstra RM, Angulo FJ, Tauxe R v., Widdowson MA, Roy SL, et al. Foodborne Illness

Acquired in the United States—Major Pathogens. Emerg Infect Dis. 2011; 17: 7. https://doi.org/10.

3201/eid1701.p11101 PMID: 21192848

6. Townsend A, Strawn LK, Chapman BJ, Dunn LL. A Systematic Review of Listeria Species and Listeria

monocytogenes Prevalence, Persistence, and Diversity throughout the Fresh Produce Supply Chain.

Foods 2021, Vol 10, Page 1427. 2021;10: 1427. https://doi.org/10.3390/foods10061427 PMID:

34202947

7. Farber JM, Zwietering M, Wiedmann M, Schaffner D, Hedberg CW, Harrison MA, et al. Alternative

approaches to the risk management of Listeria monocytogenes in low risk foods. Food Control. 2021;

123: 107601. https://doi.org/10.1016/J.FOODCONT.2020.107601

8. Khandke SS, Mayes T. HACCP implementation: a practical guide to the implementation of the HACCP

plan. Food Control. 1998; 9: 103–109. https://doi.org/10.1016/S0956-7135(97)00065-0

9. Pereira BMP, Tagkopoulos I. Benzalkonium Chlorides: Uses, Regulatory Status, and Microbial Resis-

tance. Appl Environ Microbiol. 2019;85. https://doi.org/10.1128/AEM.00377-19 PMID: 31028024

10. Jennings MC, Minbiole KPC, Wuest WM. Quaternary Ammonium Compounds: An Antimicrobial Main-

stay and Platform for Innovation to Address Bacterial Resistance. ACS Infect Dis. 2015; 1: 288–303.

https://doi.org/10.1021/acsinfecdis.5b00047 PMID: 27622819

11. Wessels S, Ingmer H. Modes of action of three disinfectant active substances: a review. Regul Toxicol

Pharmacol. 2013; 67: 456–467. https://doi.org/10.1016/j.yrtph.2013.09.006 PMID: 24080225

12. Basaran P. Inhibition effect of belzalkonium chloride treatment on growth of common food contaminat-

ing fungal species. J Food Sci Technol. 2011; 48: 515. https://doi.org/10.1007/s13197-011-0268-5

PMID: 23572782

13. Gelbicova T, Florianova M, Hluchanova L, Kalova A, Korena K, Strakova N, et al. Comparative Analysis

of Genetic Determinants Encoding Cadmium, Arsenic, and Benzalkonium Chloride Resistance in Lis-

teria monocytogenes of Human, Food, and Environmental Origin. Front Microbiol. 2021; 11: 3397.

https://doi.org/10.3389/fmicb.2020.599882 PMID: 33519740
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