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Abstract

Burkholderia contaminans is a Gram-negative multidrug resistant bacterium that is an
emerging pathogen in patients with cystic fibrosis (CF) and has been previously
associated with outbreaks related to contamination of pharmaceutical products. In 2016,
B. contaminans was implicated in an outbreak of infections in non-CF critically ill
patients. Bacterial whole genome sequencing allowed investigators to trace the source
of this outbreak to contaminated liquid docusate sodium. Further analysis of the
sequence variants identified evidence of evolution of the bacteria from the
pharmaceutical factory contaminant to the individual patient isolates. Here, we
investigated insertions, deletions, and single nucleotide polymorphisms (SNPs) in key
genes (mpl, dfrA, nemR) to understand their role in increased antibiotic and disinfectant
resistance. Our results show that mutations in mpl/induce ceftazidime resistance that is
B-lactamase dependent, that a D29E variant in DHFR is not sufficient to induce
trimethoprim-sulfamethoxazole (TMP-SMX) resistance, and that isolates with mutations

in nemR trended towards increased resistance to bleach in vitro.
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Introduction

A Brief History of Burkholderia

Burkholderia are aerobic, non-spore-forming, Gram-negative rods that are
ubiquitous within the environment. The first description of what is today referred to as
Burkholderia occurred in 1950, when William Burkholder described Pseudomonas
cepacia as a cause of onion rot (1). In 1992, Burkholderia was formally distinguished as
a separate genus from Pseudomonas when more advanced molecular taxonomic
analysis, namely 16S rRNA sequencing, allowed it to be formally untangled from
Pseudomonas (2). Pseudomonas is confined to rRNA homology group |, whereas
Burkholderia belongs to the class of B-proteobacteria that is confined to rRNA homology
group Il (3). Burkholderia cepacia was designated as the type species for this new
genus. Today, it contains over 70 named species, isolated from clinical settings as well
as soil and water samples (3). It is a highly versatile bacterial group, capable of both
detrimental and positive interactions with plants, degradation of complex aromatic

compounds, and infection of humans (4).

Burkholderia cepacia complex: a growing conglomerate of pathogens

Peter Vandamme et al. (1997) demonstrated that within the type species of this
new genus, B. cepacia actually consisted of at least five distinct genetic species
designated genomovars (5). Genomovars are phenotypically similar isolates but are

genetically distinct enough from one another to be considered separate species. The



collection of genomovars is today referred to as a Burkholderia cepacia complex (Bcc).
Within Bcc there are currently 18 species that have been named. These species
include: B. vietnamiensis, B. cepacia, B. cenocepacia, B. dolosa, B. ubonensis, B.
stabilis, B. ambifaria, B. anthina, B. pyrrocinia, B. seminalis, B. diffusa, B. metallica, B.
arboris, B. latens, B. lata, B. pseudomultivorans, B. multivorans, and B. contaminans.
The taxonomy of Bcc is growing and evolving as new Bcc species are being identified

and described.

Like other bacteria in the Burkholderia genus, Bcc are highly versatile and can be
exploited for biocontrol, bioremediation, and plant-growth-control purposes (4,6). Bcc
are found routinely in the environment. Though they have difficulty surviving on dry
surfaces for longer than one week, they can survive in water or in damp conditions,
such as soil or in water filtration units, for many months, making them particularly
problematic pathogens in health care settings (6,7). Despite having members of the Bcc
that are plant pathogens, other members of the complex often have antifungal,
antinematodal, or plant-growth-promoting properties, which make them promising for
use in biological pesticides and fertilizers (3). Additionally, they have impressive
metabolic capacity, enabling them to degrade pollutants including trichloroethylene and
2,4,5-trichlorophenoxyacetic acid, the active ingredient in the herbicide agent orange

(4,8).

Members of the Bcc are recognized as opportunistic pathogens and all species
within Bcc are capable of causing diseases in humans. B. multivorans and B.

cenocepacia are the most common disease-causing members in the complex, though



there are differences in prevalence between countries (5,9-12). Members of the Bcc are
capable of causing a variety of infections including bacteremia, pneumonia, urinary tract
infections, and peritonitis (13—15). People with chronic granulomatous disease (CGD) or
cystic fibrosis (CF) are particularly susceptible to infection with Bcc (3,4,16,17). Chronic
granulomatous disease is a genetic disorder in which neutrophils and macrophages are
unable to produce reactive oxygen species (ROS) in order to appropriately kill bacteria
(16). As Burkholderia are intrinsically resistant to antimicrobial peptides and therefore
need to be killed by ROS within macrophages, CGD patients are particularly susceptible
to problems impacting ROS production (17-20). Cystic fibrosis (CF) is a genetic
disorder characterized by mutations in the cftr gene which encodes a chloride ion
channel that is expressed on cell surfaces in the lungs, intestines, pancreas, and skin.
Patients with CF are particularly susceptible to Burkholderia due to a combination of
multiple factors, including thickened mucous and impaired mucous clearance in the
lungs, abnormal airway surface pH, and abnormal phagocytic killing of intracellular
pathogens, although the most predisposing factor is unclear (21-28). Outbreaks of
patient to patient transmission of Bcc strains between CF patients have occurred and
these outbreaks are associated with poor clinical outcomes (4,5,10,25,29-32). Though
Bcc is less prevalent in CF patients than other common CF pathogens, such as
Staphylococcus aureus or Pseudomonas aeruginosa, certain strains of Bcc can cause a
more severe disease than these other, more common pathogens in patients with CF.
The so-called “cepacia syndrome” is a feared complication of Bcc in CF patients and

has been described rarely in the literature in non-CF patients (33—-35). Cepacia



syndrome is characterized by bacteremia, rapid lung function decline, and necrotizing

pneumonia, which often results in death.

Unfortunately, Bcc bacteria exhibit intrinsic resistance to antibiotics and
disinfectants which makes treatment and prevention of these infections difficult. This
intrinsic resistance to antibiotics results from multidrug efflux pumps, capable of
removing antibiotics from the cell, biofilm formation that results in decreased contact
with antibiotics, inducible B-lactamases, and the ability to alter the cell envelope, leading

to reduced permeability of the membrane to antibiotics (Figure 1) (4,15,36).

Bcc members are capable of surviving in many disinfectant cleansers and are
resistant to many preservatives, including povidone-iodine and benzalkonium chloride,
likely secondary to their ability to survive on unusual carbon sources and degrade
pollutants (3,8,37—39). These properties make Bcc particularly capable of contaminating
nosocomial surfaces and pharmaceutical preparations. Recently, one member of Bcc in
particular has been isolated from a number of pharmaceutical preparations: B.

contaminans (3,13,40—42).

Burkholderia contaminans overview

In 2009, B. contaminans and B.lata were differentiated as two unique species
from the taxon K group within Bcc based on multilocus sequence typing (MLST) and
analysis of whole genome sequencing data (43). Previously, taxon K represented a

diverse group of previously unclassified Bcc isolates from a variety of human and



environmental sources. B. contaminans is considered an emerging pathogen in CF,
although it is relatively uncommon in CF patients in the United States, it has a fairly high
prevalence in Argentina (10,32,44). In the US, it is far more frequently isolated as a
contaminant in pharmaceutical preparations. Since the time it was distinguished as its
own species, B. contaminans has been implicated in several outbreaks through
contamination of various products in the healthcare setting ranging from ultrasound gel,

to sterile saline syringes, to contaminated intravenous fentanyl (13,40—42,45-51).

A national outbreak of Burkholderia contaminans in non-CF critically ill patients

In February 2016, Texas Children’s Hospital (TCH) began an internal
investigation of a group of non-CF/non-CGD patients in the critical care unit with Bcc
positive blood cultures (40). As part of this internal investigation, samples were also
sent to the University of Michigan Burkholderia cepacia Research Lab and Repository
(BCRLR) for further analysis. Three months later, the Centers for Disease Control
(CDC) was notified that isolates from the TCH outbreak were genetically
indistinguishable from another outbreak among critically ill non-CF/non-CGD patients in
lllinois. Around the same time, an additional two patients were identified in California.
Ultimately, the CDC investigated more than 300 reports of positive Bcc cultures and
identified 108 cases (63 confirmed, 45 suspected) in 12 states and across 16 different
facilities. In light of the geographic spread of the iliness, there was concern that it may
be linked to a contaminated product. Investigators turned to National Drug Code (NDC)

data from the Food and Drug Administration (FDA). The NDC is a unique 10-digit, 3-
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segment number that is used to catalogue every non-prescription (over the counter) and
prescription medication distributed within the United States (52-55). Using this
database, it was determined that 92% of the affected patients had received liquid
docusate sodium from the same manufacturer. The FDA tested over 200 samples from
this manufacturer of liquid docusate sodium bearing this NDC and Bcc was isolated
from 24 of those samples. The CDC conducted molecular analysis that confirmed that
the isolate grown from the water purification system at the factory in question was

nearly identical to the strain implicated in infection of patients across the US.

Glowicz et al. postulated that the preservatives used by the pharmaceutical
manufacturer in this case may not have been sufficient to prevent growth and
proliferation of Bcc in the finished drug product (40). As Marquez et al. stated:
“contaminated, nonsterile products can cause significant disease in critically ill and
immunocompromised patients due to unexpected pathogens. At our institution, critically
ill children are often placed on bowel regimens, primarily docusate, given the need for
sedation with narcotics during mechanical ventilation and/or immobility due to critical
illness” (41). As nonsterile drugs, administered topically or by the Gl tract, are used
frequently in critically ill patients, further steps need to be taken to understand the
pathogens that most frequently contaminate these drugs so that outbreaks such as this

one can be prevented.
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Whole genome sequencing analysis identifies genes of interest

As B. contaminans outbreaks increase in frequency, it is becoming more
important for us to better understand the pathogenicity and virulence of this emerging
pathogen. Unfortunately, very few studies have focused specifically on the virulence of
B. contaminans. In preliminary studies conducted by the Priebe laboratory, in
collaboration with investigators at the University of Pittsburgh and the Walter Reed
Army Institute of Research, 41 of the B. contaminans strains isolated from patients who
had received contaminated liquid docusate sodium were whole genome sequenced.
These strains are listed in Table 1. These strains were isolated from hospitals across
the U.S. and were found by a PCR typing method to be part of the outbreak. Also
sequenced was strain HI4860, which was isolated from a lot of the contaminated liquid
docusate sodium product. The sequences of the clinical isolates were compared to the
product isolate and mutations, including both SNPs and indels, were identified using
breseq (56). A SNP, or single nucleotide polymorphism, is a single base pair change in
the genetic code that may or may not result in an amino acid change in the protein
sequence (57). An indel is an insertion/deletion polymorphism, whereby greater than
one base pair is inserted or deleted in the genetic code (58). Importantly, if the indel
insertion or deletion length is present in a coding region and is not divisible by three, it
will result in a frameshift mutation in the gene. Among the genes that contained
mutations were: mpl, dfrA, and nemR, all of which are described below. Additionally,
antibiotic susceptibilities of all the sequenced strains were measured using the

Beckman-Coulter MicroScan technology, an automated method utilized in clinical
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microbiology laboratories to rapidly identify antibiotic susceptibilities for numerous

antibiotics. The antibiotics that were tested for using this system are reported in Table 2.

mpl is identified as a gene of interest

First among these interesting findings is the gene mpl, which encodes an
enzyme that is required for efficient cell wall biosynthesis. Mpl ligates a preformed
tripeptide, made up of three amino acids, to a UDP-muramyl substrate. The addition of
the tripeptide is required and is used in the cross-linking of peptidoglycan molecules to
make the cell wall. This Mpl-mediated reaction allows for the bypass of each amino acid
being added to UDP-muramyl substrate individually through three separate reactions
mediated by MurC, MurD, and MurE, each step of which requires a single ATP (59-63).
By adding the three amino acids to UDP-muramyl together the cell is able to save
energy, making cell wall biosynthesis more efficient, compared to adding each amino

acid individually, as shown in Figure 2.

Previously, it has been demonstrated that disruption of mp/ can induce B-
lactamase production in Stenotrophomonas maltophilia and Pseudomonas aeruginosa
clinical isolates (62,64). The proposed mechanism of this induction is that inhibition of
Mpl leads to a buildup of tripeptide intermediates, which subsequently affect AmpD
activity by feedback inhibition, thereby increasing the concentration of AmpR activator
ligand thus resulting in B-lactamase hyperproduction (63,64). This activation of B3-

lactamase production correlates with increased resistance to ceftazidime, a third-
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generation cephalosporin antibiotic. Third-generation cephalosporins, such as
ceftazidime, work by binding to penicillin binding proteins, inhibiting the final
transpeptidation step of peptidoglycan synthesis, thereby inhibiting cell wall biosynthesis
(65). Ceftazidime is often used in the clinical setting for first line coverage of Gram-
negative pathogens such as Pseudomonas aeruginosa. mpl mutations are important
because they have been linked to increased resistance to ceftazidime in other Gram-
negative multidrug resistant organisms, such as Pseudomonas aeruginosa, however
they have not been characterized in Burkholderia. One clinical isolate from this outbreak
had a mutation in mpl, which we hypothesized would lead to increased ceftazidime
resistance through a similar mechanism as has been observed in Pseudomonas and

Stenotrophomonas.

dfrA is identified as a gene of interest

The second gene of interest that contained mutations within a B. contaminans
clinical isolate was dfrA, which encodes dihydrofolate reductase (DHFR). DHFR is an
enzyme involved in folate biosynthesis in eukaryotes and prokaryotes, catalyzing the
final step of de novo folate biosynthesis in which dihydrofolate is reduced to
tetrahydrofolate, the active form of folic acid (Figure 3) (66—68). As folate metabolism
and biosynthesis is essential for cell growth and division, DHFR has become a target for
antibacterial, antiprotozoan, and even immunosuppressive drugs. In bacteria, the cell
wall is impervious to exogenous folate, therefore endogenous folate production is

required for cell survival (67,69). Trimethoprim (TMP) blocks DHFR, thereby inhibiting
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cell growth and survival. Trimethoprim is clinically most frequently used in combination
with sulfamethoxazole (SMX), an additional antibiotic that acts as a competitor for p-
aminobenzoic acid (PABA) during the synthesis of dihydrofolate (70). Trimethoprim-
sulfamethoxazole (TMP-SMX) is a commonly used antibiotic with broad Gram-positive
and Gram-negative coverage. Mutations in dfrA have been implicated in TMP-SMX
resistance in other species of Burkholderia and in other Gram-negative pathogens,
however, D29E has not been previously implicated in TMP-SMX resistance (21,67—
69,71-73). We hypothesized that this single nucleotide polymorphism in dfrA is

sufficient to induce TMP-SMX resistance in a clinical isolate of B. contaminans.

nemR is identified as a gene of interest

The third gene of interest that contained mutations within a B. contaminans
clinical isolate was nemR. nemR encodes a bleach sensing mechanism that has been
previously described in Escherichia coli and Acinetobacter nosocomialis (74,75). In E.
coli, nemR encodes a redox-regulated transcriptional repressor which mediates the
expression of glycoxalase | and N-ethylmaleimide reductase, two enzymes required for
the detoxification of reactive electrophiles (Figure 4). NemR utilizes cysteine residues to
sense the oxidation status of hypochlorous acid (HOCI, the active ingredient in
household bleach). In Acinetobacter nosocomialis and E. coli, when HOCI is absent,
NemR is bound to the promoter sites of the genes encoding glycoxalase | and N-
ethylmaleimide reductase, on the nemRA operon, preventing their transcription (Figure

4A) (75). In the presence of HOCI, NemR dissociates from DNA, thereby de-repressing
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expression of glycoxalase | and N-ethylmaleimide reductase (Figure 4B). Expression of
these two detoxifying enzymes thereby allows the bacteria to survive in the presence of
bleach. Gray et al. showed that one cysteine residue (C106) in NemR is essential for
the function of the protein as a transcription factor, as this cysteine residue participates
in the redox functionality and therefore the DNA binding capacity of the protein (74).
However, neither the R150L SNP nor the 50t residue of this protein has been
discussed or studied in the literature. Additionally, the function of NemR in Burkholderia
remains unclear. Given the described function of the gene in other Gram-negative
bacteria, we hypothesized that SNPs in nemR would be sufficient to induce increased

survivability in bleach in B. contaminans isolates.

A large deletion of a mobile genetic element is described in clinical isolates

The fourth interesting genetic finding was a 241,019 base pair deletion in the
genome of thirteen isolates of B. contaminans from this outbreak. This large deletion
corresponds to a large mobile genetic element that encodes conjugal transfer
machinery and transposases. It is unclear why such a large deletion was present in
several clinical isolates. It is possible that deleting this large genetic element alleviates a
high biological cost of expressing these genes, potentially allowing the clinical isolates
with this deletion to be more fit for survival in the host than the ancestral strain isolated

from the sodium docusate factory.

16



Overall, relative to other Gram-negative bacteria, very little is understood about
the evolution of antibiotic resistance and virulence in Burkholderia, particularly B.
contaminans. As B. contaminans continues to emerge as an important human
pathogen, not just in people with CF or CGD, but also in patients who are critically ill or
immunocompromised, it becomes more important for us to better understand how
mutations in B. contaminans can result in increased antibiotic and disinfectant
resistance. Here, we discuss how the mutations described above are implicated in

clinically relevant increased resistance.
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Methods

Bacterial strains, plasmids, cell lines, and culture conditions

Bacterial strains and plasmids used in this study are given in Table 3 and Table
4, respectively. E. coli strains were grown in Luria-Bertani (LB) Miller broth (Fisher
Scientific) in unbaffled flasks shaking at 200 rpm at 37°C. Burkholderia contaminans
strains were grown in LB, Mueller-Hinton Broth (MHB) (Sigma), MOPS with 1% glucose
(Teknova), or MOPS without glucose (Teknova) in unbaffled flasks shaking at 200 rpm
at 37°C. Additives or antibiotics were added to the media for E. coli (diaminopimelic acid
200 pg/mL (DAP, Sigma), kanamycin 100ug/mL (RPI), x-gal 100ug/mL (Sigma)) as well
as B. contaminans (kanamycin 1mg/mL, ceftazidime (RPI), TMP (RPI), TMP-SMX (1:5),
SMX (RPI)) wherever required. THP-1 cells were cultured in RPMI-1640 medium (Gibco
Fisher Scientific) containing 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate,
4500 mg/L glucose, and 1500 mg/L sodium bicarbonate, supplemented with 10% heat-
inactivated FCS (Gibco) and 0.05 mM 2-mercaptoethanol. Human THP-1 monocytes
were differentiated into macrophages by seeding 1 mL into 24 well plates at 8x10°
cells/mL with 200 nM phorbol 12-myristate 13-acetate (PMA) and incubated for 72

hours at 37°C with 5% CO2 then washed two times with media lacking PMA.

Statistical Analysis

All assays were conducted with four technical replicates and repeated at least

three times to ensure rigor and reproducibility. Comparative statistics were completed
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on assay means. For comparison between two samples, a normal distribution was
assumed and an unpaired two-tailed t-test was utilized, with cutoff value of p < 0.05
designated as a significant. For comparison between greater than two samples, when
data were normally distributed, ANOVA with Tukey’s multiple comparison test was
utilized, with cutoff value of p < 0.05 designated as significant (76). If data were not
normally distributed, Kruskal-Wallis test with Dunn’s multiple comparison test was

utilized, with cutoff value of p < 0.05 designated as significant (77).

Whole Genome Sequencing Analysis

Short-read sequencing data were quality trimmed (Trimmomatic v0.36) when the
average quality score dropped below 15 (Phred) using a sliding 5 bp window. Sequence
reads were then adapter trimmed, and de novo assembled using Newbler (V2.7).
Minimum thresholds for contig size, and coverage were set at 100bp and 50X
respectively. Long-read sequencing data (PacBio platform) were de novo assembled
using HGAP 2.0 in the SMRT Analysis Portal (v. 2.3.0, Pacific Biosciences).
Overlapping contig ends were removed to circularize individual PacBio contigs, and

short-read data were mapped to circularized contigs to detect/correct errors.

Comparative genomic analyses were performed using Geneious (Biomatters)
(78). Antimicrobial resistance genes were annotated using ResFinder 2.0 (79).
Genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline

version 4.1. Variants were called relative to isolate HI4860, the strain isolated from the
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docusate factory. SNPs and structural variants were called using BreSeq v0.30.

Phylogenies were generated using Nullrbor 1.2 pipeline.

DNA manipulations

To generate the B. contaminans HI4860 A45bp mpl mutant, genomic DNA
(gDNA) was isolated from B. contaminans AU34417 (containing the 45 bp deletion in
mpl) using the DNEasy UltraClean Microbial Kit (Qiagen) and mp/ with 500 bp flanking
regions upstream and downstream was amplified with PCR using Q5 DNA polymerase
(NEB). This fragment was assembled into the suicide plasmid, pEXKmS5, using
NEBuilder HiFi DNA Assembly Master Mix (NEB) per manufacturer’s protocol. This
construct was confirmed via PCR and subsequently transformed into RHOS E. coli
(20,80). Then this was conjugated into B. contaminans H14860 (20,81,82). Conjugants
were selected for on LB with kanamycin 1 mg/mL (RPI). To resolve merodiploidy,
conjugants were counterselected against by plating on yeast tryptone (YT, Sigma) with
15% wi/v sucrose (Sigma) and incubated for 2 days at 30°C. Resolution and

confirmation of mpl A45bp was confirmed by Sanger sequencing (GENEWIZ).

To generate the B. contaminans HI4860 mpl clean deletion mutant, 1.2 kbp and
1.1kbp flanking upstream and downstream, respectively, were PCR amplified to
introduce Smal sites on the 5’ and 3’ ends of the upstream and downstream fragments,
respectively, and 16 bp overlap between the 3’ end of the upstream fragment and the 5’

end of the downstream fragment. The two fragments were joined using the NEBuilder

20



HiFi DNA Assembly Master Mix (NEB) per manufacturer’s protocol and cloned into
pEXKmS5 at the Smal site (80). This construct was confirmed via PCR and subsequently
transformed into RHOS3 E. coli and then conjugated into B. contaminans HI4860
(20,81,82). Conjugants were selected for on LB with kanamycin 1 mg/mL. To resolve
merodiploidy, conjugants were counterselected against by plating on YT with 15% w/v
sucrose and incubated for 2 days at 30°C. Resolution and confirmation of mpl/ clean

deletion was confirmed by PCR and Sanger sequencing (GENEWIZ).

B. contaminans AU34352 dfrA D29 was generated using similar methods. gDNA
from B. contaminans HI4860 was isolated using DNEasy UltraClean Microbial Kit
(Qiagen) and 1 kbp flanking upstream and downstream regions of dfrA were PCR
amplified. This fragment was cloned into pEXKm5 and transformed into RHO3 E. coli
and conjugated into B. contaminans AU34352 (20,81,82). Conjugants were selected for
on LB with kanamycin 1 mg/mL. To resolve merodiploidy, conjugants were
counterselected against by plating on YT with 15% w/v sucrose and incubated for 2
days at 30°C. Resolution and confirmation of B. contaminans AU34352 dfrA D29 was
confirmed by Sanger sequencing (GENEWIZ). Generation of B. contaminans HI4860
nemR R150L was completed using similar methods, utilizing 880 bp and 166 bp
flanking regions surrounding nemR using AU35151 gDNA. Resolution and confirmation
of B. contaminans HI4860 nemR R150L was confirmed by Sanger sequencing.
Generation of B. contaminans AU35151 nemR R150 was completed using similar

methods, utilizing 860 bp and 506 bp flanking regions surrounding nemR using HI4860
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gDNA. Resolution and confirmation of B. contaminans AU35151 nemR R150 was

confirmed by Sanger sequencing.

To generate a nemR clean deletion mutant, 1.1 kbp and 1.2 kbp flanking
upstream and downstream, respectively, were PCR amplified to introduce Smal sites on
the 5’ and 3’ ends of the upstream and downstream fragments, respectively, and 16 bp
overlap between the 3’ end of the upstream fragment and the 5’ end of the downstream
fragment. The two fragments were joined using the NEBuilder HiFi DNA Assembly
Master Mix (NEB) per manufacturer’s protocol and cloned into pEXKm5 at the Smal site
(80). This construct was confirmed via PCR and subsequently transformed into RHO3
E. coli and then conjugated into B. contaminans HI4860 and AU35151 (20,81,82).
Conjugants were selected for on LB with kanamycin 1 mg/mL. To resolve merodiploidy,
conjugants were counterselected against by plating on LB with 15% w/v sucrose and
incubated for 2 days at 30°C. Unfortunately, we were unable to resolve merodiploidy in
over 500 clones in the two strains and we were thus unable to confirm a nemR clean

deletion mutant.

Minimum inhibitory concentration (MIC) determination

All sequenced clinical isolates were run on the Beckman-Coulter MicroScan
machine to determine MICs, per manufacturer’s protocol. Standardized cutoff values for

resistance in antibiotics of interest are demonstrated in Table 5.
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Micro broth dilution MICs were determined for ceftazidime (RPI), ceftazidime +
avibactam (Sigma), TMP-SMX, TMP (RPI) alone, and SMX (RPI) alone in the strains of
interest following Clinical Laboratory and Standard Institute (CLSI) guidelines. Briefly,
strains of interest were grown overnight at 37°C shaking in MHB in unbaffled flasks
without antibiotics. Strains were standardized to an ODsoonm Of 0.1. In deep well blocks,
two-fold serial dilutions of the antibiotic of interest were inoculated into 500 pL of MHB,
ranges of antibiotic concentrations used are shown in Table 6. 25 pL of standardized
bacterial culture were introduced to the 500uL of MHB, with one well dedicated as a
broth control which was not inoculated with bacteria and one well dedicated as a growth
control which was not exposed to antibiotic. Each bacterial strain was grown overnight
in serial dilutions of antibiotics in quadruplicate. Deep well blocks were sealed with
sterile AeraSeal film (Sigma) and grown overnight shaking at 37°C. After overnight
growth, 200 uL of each sample was isolated and placed in a 96-well clear flat-bottom
plate and ODeoonm Was analyzed. MIC breakpoints were determined by visual inspection

and recorded as the lowest concentration without visible bacterial growth.

B-Lactamase Expression Assay

Level of B-Lactamase expression was determined by growing strains of interest
overnight in LB, shaking at 37°C in unbaffled flasks. Overnight cultures were
subsequently sub-cultured 1:5 into LB with 2 ug/mL ceftazidime (Sigma) and grown for
3 hours shaking at 37°C. Subsequently, cultures were standardized to an ODesoonm 0f 1.0

via dilution with LB. 5 mL of diluted cultures were spun at 4000 rpm for 10 minutes. The
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supernatants were decanted and the pellets were resuspended in PBS (pH 7.4), this
process was repeated three times. The samples were subsequently sonicated (Fisher
Scientific CL-18) four times for 30 second intervals at 40% amplitude, with 2 minutes
resting on ice between sonication. The samples were again spun down at 4000 rpm for
10 minutes and 10 pL of supernatant was mixed with 38 uL of PBS and 2uL of 2mM
nitrocefin (Sigma) in quadruplicate. The color change was quantified by ODa4gonm

measurements every 2.5 minutes for 1 hour and 10 minutes on the microplate reader.

Bleach resistance assay

The bleach resistance assay used in this study was adapted from Gray et al. and
Subhadra et al. (74,75). Briefly, strains of interest were grown overnight in MOPS with
1% glucose shaking in unbaffled flasks at 37°C. Cultures were spun down at 4200 rpm
for 10 minutes and re-suspended to ODeoonm Of 0.35 in MOPS without glucose. Cultures
of each strain were split into three groups: one with no bleach, one with 1 mM bleach,
and one with 2 mM bleach (Cardinal Health). Samples were incubated shaking at 200
rpom at 37°C. Samples were processed at 5 minutes, 45 minutes, 4 hours, and overnight
after bleach introduction. At each time point, 250 L of culture was mixed with 250 uL of
20 mM sodium thiosulfate (Sigma) was added in equal proportion to quench remaining
bleach in the solution. Subsequently, serial dilutions of the samples were performed in
proteose peptone (BD) and plated in 10 uL aliquots on tryptic soy agar (TSA, BD) plates

and grown overnight at 37°C. After overnight growth, colonies were counted.
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THP-1 Derived Macrophage Invasion Assay

Frozen stocks of THP-1 cells were thawed, suspended, and maintained in RPMI-
1640 (Gibco Fisher Scientific) medium containing 2 mM L-glutamine, 10 mM HEPES, 1
mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate,
supplemented with 10% heat-inactivated fetal calf serum (FCS, Gibco) and 0.05 mM 2-
mercaptoethanol (Sigma) for growth at 37°C with 5% CO2 using standard cell culture
sterile technique. Cells were counted using the Countess (Invitrogen) and 1 mL of an
8x10° cells/mL suspension with 200 nM phorbol 12-myristate 13-acetate (PMA, Sigma)
was seeded into wells of two 24-well plates, incubated for 72 hours, and washed two
times with media lacking PMA. Attached cells were counted using the EVOS Cell
Imaging Microscope (Invitrogen). Plates were incubated overnight at 37°C with 5% COs..
Cultures of the strains of interest were grown overnight in LB shaking at 37°C. Bacterial
cultures were sub-cultured 1:20 in fresh LB and incubated at 37°C shaking for 1-2 hours
to a goal ODsoonm Of 0.75. 12 mL of each subculture was isolated and spun at 4250 rpm
for 10 minutes. The supernatant was decanted and the pellet was resuspended in 10mL
RPMI. This was repeated three times. After the third wash, the pellet was resuspended
in TmL RPMI. Bacterial cultures in RPMI were then standardized to an ODesoonm Of 0.75.
1:1,000 and 1:2,000 dilutions of the bacterial cultures were made in RPMI, an aliquot of
these working dilutions were isolated and serial diluted to 107 and plated in 10 uL
aliquots onto TSA and incubated overnight at 37°C. Two cell culture plates were
infected with the strains of interest in triplicate with both dilutions of strains. The plates

were centrifuged at 500 xg for 5 minutes and subsequently incubated for 2 hours at
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37°C with 5% CO:a. After two hours, 100 pL of 10X lysis buffer (10% Triton-X100) was
added to one plate and incubated for 15 minutes gently shaking at room temperature.
Lysate was transferred to a microcentrifuge tube; serial dilutions of the sample were
performed in proteose peptone and spot plated in 10 pL aliquots on TSA plates. The
second plate was treated with Tmg/mL kanamycin and placed in the incubator for an
additional 2 hours. The supernatant was subsequently removed and the wells were
washed with DPBS +/+ (Fisher Scientific) three times and then 1mL of 1x lysis buffer
(1% Triton X-100) was added to each well. The plate was incubated for 15 minutes
gently shaking at room temperature. Lysate was transferred to a microcentrifuge tube;
serial dilutions of the sample were performed in proteose peptone and spot plated in 10
uL aliquots on TSA plates. The plates were incubated overnight at 37°C and colonies

were counted after overnight growth.
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Results

Part 1: Deletions in mplinduce ceftazidime resistance

Whole genome sequencing analysis and MIC determination identifies mpl as a gene of

interest

Preliminary data from the Priebe Laboratory identified one B. contaminans
clinical isolate, AU34417, that contained a 45 base pair (bp) deletion within the coding
region of mpl. Additionally, initial antimicrobial susceptibility studies of this isolate,
conducted at Walter Reed Army Institute of Medical Research using the Beckman-
Coulter MicroScan instrument, determined that it was resistant to ceftazidime with an
MIC of >16 mg/L, Table 5. In contrast, the B. contaminans isolate taken from the
docusate sodium factory, HI4860, was determined not to have a 45 bp mutation in mpl/
and was sensitive to ceftazidime with an MIC of 8 mg/L. Compared to B. contaminans
H14860, B. contaminans AU34417 also had the R150L SNP in nemR, as well as two
additional mutations: a N271N mutation in a gene encoding a hypothetical protein and a
single base pair insertion in a gene encoding a HNS histone family protein. To
determine the effects of the observed mpl mutations in clinical strains we generated an
isogenic HI4860 construct that contained the 45 bp deletion in mpl. Additionally, we
cloned a clean deletion mutant of the mpl gene in HI4860 to better understand the

function of mpl. Both manipulations of mp/ were verified using Sanger sequencing.

We determined the MICs using standard broth microdilution methods of B.

contaminans HI4860, AU34417, HI4860 mpl A45bp, and HI4860 Ampl against
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ceftazidime. We found that AU34417 was significantly more resistant to ceftazidime
than HI4860, with MICs of 64 mg/L and 4 mg/L, respectively, in our series of samples as
shown in Table 7. Similarly, HI4860 with the 45 bp deletion in mpl/ was also 16-fold more
resistant to ceftazidime than wild-type HI4860 and demonstrated similar resistance to
ceftazidime as the clinical isolate AU34417. The HI4860 strain with a clean deletion in
mpl was found to be 8-fold more resistant than wild type HI4860. MIC growth curves of

all mutants are demonstrated in Figure 5.

Variants with mutations in mpl exhibit increased B-lactamase activity

To determine the mechanism of the increased ceftazidime resistance observed in
the mpl constructs, we measured the B-lactamase activity in the various strains using a
colorimetric assay with nitrocefin. Nitrocefin is a B-lactam antibiotic that changes color
from yellow to red when cleaved by a B-lactamase (64,83,84). In the presence of sub-
lethal amounts of ceftazidime, the clinical isolate AU34417 had a significant ten-fold
increase in B-lactamase activity than the clinical isolate HI4860 (Figure 6). The B-
lactamase activity of AU34417 was comparable to the B-lactamase activity of HI4860
with the 45 bp deletion in mpl. Additionally, B-lactamase activity of HI4860 with a clean
deletion in mpl/ was also comparable to the AU34417 clinical isolate and the HI4860

45bp mpl mutant.
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B-lactamase dependent resistance in mpl mutants can be rescued with the addition of

avibactam

Given that increased resistance to ceftazidime in these strains is at least partially
related to increased B-lactamase activity, we sought to understand if sensitivity could be
rescued with the addition of avibactam, a non-B-lactam B-lactamase inhibitor.
Avibactam functions by inhibiting serine B-lactamases by covalently bonding and
inhibiting the enzyme (85). We chose to utilize avibactam as it is a B-lactamase inhibitor
of clinical importance, and drug combinations of ceftazidime-avibactam are currently
FDA approved (85—-88). MIC assays were completed with the addition of avibactam
added to ceftazidime in a 1:4 ratio, the same ratio used in the pharmaceutical
preparation of the drug. The addition of avibactam (0.5 mg/L) to ceftazidime (4 mg/L)
restored sensitivity to ceftazidime in AU34417 to the levels seen in the parental strain
HI4860 (Table 8, Figure 7). The addition of avibactam also restored sensitivity to
ceftazidime in the HI4860 constructs with either the 45 bp deletion or the entire mpl/

gene deleted.

These findings demonstrate that deletion of the entire mp/ gene or just a deletion
of 45 bp results in an increased level of resistance to ceftazidime. This resistance is due
to an increase in B- lactamase activity that can be overcome by the addition of a B-

lactamase inhibitor.

29



Part 2: D29E is not sufficient to induce TMP-SMX resistance

Whole genome sequencing analysis identifies dfrA as a gene of interest

One clinical isolate, B. contaminans AU34352, taken from a sputum culture from
a patient in San Diego was found via MicroScan to have clinically significant resistance
to TMP-SMX, MIC >2/38 mg/L, relative to the strain isolated from the docusate sodium
factory, which was not found to be resistant to TMP-SMX, MIC <2/38 mg/L, (Table 5).
Interestingly, through whole genome sequencing analysis, the TMP-SMX-resistant
clinical isolate contained the D29E SNP in dfrA. This SNP is uncharacterized in the
literature in bacteria. Given the clinical resistance of this strain to TMP-SMX, we sought
to investigate its role in TMP-SMX resistance. Compared to B. contaminans HI4860, B.
contaminans AU34352 also demonstrated several other genetic changes which are
further outlined in Table 9. In order to investigate the specific role of SNP D29E in TMP-
SMX resistance, AU34352 was cloned to revert the dfrA gene to the ancestral

sequence, referred to as AU34352 dfrA D29.

Trimethoprim resistance in dfrA mutants

We determined the MICs of B. contaminans H14860, AU34252 dfrA D29E, and
AU34352 dfrA D29 first against trimethoprim (TMP). We found that AU34352 was
significantly more resistant to TMP than HI4860, with an MIC of 2 mg/L and 0.5 mg/L,
respectively, as shown in Table 10. Reversion of the D29E SNP in dfrA in AU34352 to

the ancestral sequence, however, did not lead to a decreased MIC against TMP. To
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further investigate, the role of the D29E SNP in dfrA, we conducted an MIC assay
against TMP-SMX (1:5 ratio). This assay again demonstrated that AU34352 was
significantly more resistant to TMP than HI4860, with an MIC of 8/40 mg/L and 1/5 mg/L
(Table 10), respectively, but again demonstrated that reversion of the D29E SNP in dfrA

in AU34352 was not sufficient to induce sensitivity to TMP-SMX (Table 10, Figure 8).

Though dfrA encodes the protein DHFR, which we expect to be related to
trimethoprim resistance rather than sulfamethoxazole resistance, we conducted MIC
analysis of SMX alone. We found that HI4860, AU34352 dfrA D29E, AU34352 dfrA D29

were equally resistant to SMX alone, MIC >1024 mg/L (Table 10).

Characterization of other genetic changes between AU34352 and HI4860

Through MIC analysis, it appears that the D29E SNP is not the sole cause of
increased TMP-SMX resistance in B. contaminans AU34352 relative to the ancestral
strain, HI4860. In light of this, we sought to understand what other genetic changes
existed between AU34352 and HI4860. The other mutations in coding regions between
AU34352 and HI4860 are shown in Table 9. These genes are poorly classified in the
literature in Burkholderia and other Gram-negative bacteria, such as Pseudomonas,
Stenotrophomonas, or E. coli. None of the genes of interest have been previously
characterized as leading to increased resistance to TMP-SMX. Further studies are
required to elucidate if these genetic changes are necessary and sufficient for TMP-

SMX resistance in B. contaminans.
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Part 3: Mutations in nemR play a role in bleach resistance

Whole genome sequencing analysis identifies nemR as a gene of interest

Whole genome sequencing analysis of the B. contaminans outbreak showed all
41 clinical isolates with an R150L SNP in nemR. Comparatively, the parental strain
isolated from the docusate sodium factory does not have the R150L SNP in nemR. The

effects of the SNP on bleach resistance remain unknown.

Since all of the clinical isolates contained at least two additional mutations
relative to B. contaminans HI4860 (an insertion in a histone protein and a SNP in a
hypothetical protein) we generated isogenic constructs to determine the function of the
nemR SNP. We chose to utilize B. contaminans AU35151, a blood isolate carrying the
R150L SNP, for nemR cloning. The additional mutations AU35151 has relative to
HI4860 can be seen in Table 11. We generated an AU35151 construct carrying the
ancestral sequence R150 [AU35151 nemR R150 (evol->anc)]. We also generated a
HI4860 construct carrying the evolved R150L sequence [HI4860 nemR R150L(anc-

>evol)].

Isolates with mutations in nemR trended towards increased resistance to bleach

We measured the resistance to bleach in the four B. contaminans strains of
interest: HI4860 nemR R150 (anc), AU35151 nemR R150L (evol), HI4860 nemR R150L
(anc - evol), and AU35151 nemR R150 (evol - anc) (Figure 9). After four hours of

growth in 1mM bleach, the HI4860 isolate demonstrated less growth than AU35151,
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however this result was not statistically significant (Figure 9C). While decreased growth
may indicate that AU35151, with nemR R150L (evol), is more resistant to bleach than
HI4860, the lack of statistical significance in this assay cannot definitively prove this
result. Interestingly, the HI4860 nemR R150L (anc - evol) construct was also more
resistant to bleach than the HI4860 nemR R150 (anc) isolate (Figure 9). However,
bleach resistance in AU35151 could not be rescued by reverting the nemR sequence to
the wild type R150, as demonstrated by the increased growth in the AU35151 nemR
R150 (evol - anc) clone versus the HI4860 R150 (anc) variant. Unfortunately, none of
the results reached statistical significance across any of the time points, therefore we
cannot reject the hypothesis that the R150L SNP in nemR does not lead to a difference

in bleach resistance.

Isolates with nemR mutations were not better able to invade macrophages

B. contaminans, like other Bcc, are known to survive within macrophages (32).
We hypothesized that strains with mutations in nemR may demonstrate increased
tolerance to reactive electrophiles that macrophages utilize as defense against
intracellular pathogens and, therefore, would be better able to survive within
macrophages. To test this, we compared the ability of the constructs to invade and
survive within macrophages. We infected THP-1 derived macrophages with B.
contaminans constructs for two hours, after which extracellular bacteria were killed with

kanamycin, and then the number of intracellular bacteria were quantified. We did not
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see a significant reduction in the number of mutant bacteria able to survive within

macrophages among the strains studied (Figure 10).

Part 4: Characterization of 250kb deletion in B. contaminans clinical isolates

Whole genome sequencing analysis identifies 250kb deletion

Whole genome sequencing analysis of the B. contaminans outbreak identified a
241,019 base pair deletion in 13 clinical isolates. This 241,019 base pair deletion
represents a 256 gene deletion. This large deletion represents a mobile genetic element
with conjugal transfer machinery and transposases. We hypothesized that this large
deletion may affect the ability of the strain to cause infection if strains with the deletion
were more fit by not requiring the extra energy required for maintaining the large piece
of DNA. Alternatively, strains with the deletion could be less able to cause infection if

virulence factors are within that region.

Evaluation of macrophage invasion of B. contaminans isolates

Of the clinical isolates from this outbreak, we found a pair of genetically similar
mutants with or without the 241,019 bp deletion in order to attempt to understand how
this large deletion impacts macrophage invasion and survival. Characterization of the
genetic changes in these two B. contaminans strains, AU34026 and AU34403, versus
the factory isolate, HI4860, are shown in Table 12. Utilizing a macrophage invasion

assay, we found that there was no statistically significant difference between the
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isolates with the 241,019 bp deletion and those without this deletion to invade and

survive within macrophages (Figure 11).
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Discussion

A recent multi-center outbreak of Burkholderia contaminans in critically ill, non-
CF/non-CGD patients was sourced to contaminated liquid docusate sodium, a non-
sterile pharmaceutical commonly used in the inpatient setting (13,40,41). Whole
genome sequencing and reverse phylogenetic analysis were utilized to determine
relationships between isolates and were ultimately used to confirm the source of the
outbreak. Further variant analysis of the clinical isolates relative to the isolate taken
from the pharmaceutical factory demonstrated genes with mutations warranting further
investigation. In this study, we sought to further characterize these genes (mpl, dfrA,
nemR) and their role in antibiotic and disinfectant resistance in clinical isolates. These
genes have been studied in other Gram-negative multidrug resistant pathogens, such
as Pseudomonas aeruginosa, Acinetobacter nosocomialis, and Escherichia coli;
however no literature exists regarding the role of these genes and how mutations in
them affect antibiotic resistance in Burkholderia and specifically in Burkholderia

contaminans (62,64,71,72,74,75).

Among these interesting genetic changes, the 45 base pair deletion in mpl stood
out as the most clinically important mutation from our study because our results are
concordant with results previously published in Stenotrophomonas maltophilia and
Pseudomonas aeruginosa (62,64). We demonstrated that introduction of the 45 bp
deletion in mplin the ancestral strain (HI4860), was sufficient to induce ceftazidime
resistance to a similar level that was seen in the clinical isolate carrying the same

deletion. We demonstrated that the 45 bp deletion in mpl likely leads to increased

36



ceftazidime resistance through the increased activity of B-lactamases. Furthermore, we
were able to demonstrate that ceftazidime resistance could be rescued with the addition
of avibactam, a non B-lactam B-lactamase inhibitor, further indicating that mutations in
mpl likely lead to ceftazidime resistance through increased B-lactamase activity.
Interestingly, when the entire mpl gene was deleted in HI4860, we observed a similar
increase in ceftazidime resistance likely due to increased B-lactamase activity
suggesting the 45 bp deletion may result in loss of function of mpl, though further
investigation is needed. Our findings are a novel demonstration of ceftazidime
resistance through mutations in mplin B. contaminans. Our characterization of mp/ was
limited by our inability to clone the wild-type mpl sequence into our ceftazidime resistant
isolate, AU34417, which we would predict would render that strain sensitive to
ceftazidime. Further investigation is needed to determine if the increased B-lactamase
activity is a result of increased transcription and translation of B-lactamase or an
activation of the preexisting B-lactamase. Additional work is needed to determine which
B-lactamase is responsible for the mpl-regulated ceftazidime resistance since

Burkholderia encode genes for several different B-lactamases.

In our analysis, the D29E SNP in dfrA did not appear to be the cause of increased
trimethoprim-sulfamethoxazole resistance in the clinical isolate. Reversion of the clinical
isolate to D29 in dfrA was unable to rescue the resistance phenotype in this variant.
This portion of the study was limited due to our inability to clone the D29E SNP into the
B. contaminans ancestral isolate, HI4860. Unfortunately, multiple attempts at cloning

the SNP into HI4860 were unsuccessful. Our cloning attempts were likely inhibited by
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the high GC content of the B. contaminans genome as well as other factors that make
genetic manipulations in Burkholderia difficult, including a limited number of modalities
available due to intrinsic antibiotic resistance (89). Additionally, DHFR, the protein
encoded by dfrA, is described as an essential protein in other bacteria, including B.
pseudomallei and B. cenocepacia, and therefore we were unable to demonstrate the
effect of a clean deletion mutant on TMP-SMX resistance (37,90-92). Two other genes,
dedD and pucL, were mutated in the clinical isolate with TMP-SMX resistance. We were
unable to find a relationship between these genes and TMP-SMX resistance in the
literature, but we did not specifically study the role of these mutations in this study.
Further studies are required to determine if this resistance mechanism is multifactorial

or related to mutations in other genes in B. contaminans.

We also demonstrated that the R150L SNP in nemR leads to decreased
susceptibility to bleach in vitro, though it did not reach a statistically significant level.
Additionally, isolates and mutants with the R150L SNP in nemR did not have increased
survival in macrophages. Mutations in nemR represent a clinically important mechanism
by which B. contaminans may be able to become resistant to antimicrobial products like
bleach. These analyses were limited by our inability to generate a clean deletion
knockout mutant in nemR. In prior TnSeq studies in other species of Burkholderia,
nemR was not described as an essential gene in the genome (90,91,93). However,
Subhadra et al. found that clean deletion mutants in nemR had significant restrictions in
growth in Acinetobacter nosocomialis (75). Furthermore, our results were limited by the

reproducibility of growth of B. contaminans in MOPS media. Though the bleach
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resistance assays utilized for the study of nemR in E. coli and Acinetobacter
nosocomialis exclusively utilized MOPS media with consistent results, we were unable
to reproduce this consistency in Burkholderia. Further optimization of our bleach
resistance assay is required to produce consistent, reproducible, and rigorous results.
Additionally, our study simply looked at the survival of B. contaminans in the presence
of bleach in vitro. We studied survivability in relatively low concentrations (1mM) of
bleach, which may indicate an increased ability for the bacteria to survive during
oxidative burst within macrophages. However, we did not study how this might impact
the ability of the bacteria to survive on nosocomial surfaces after disinfection. Common
household bleach has a concentration of HOCI on the order of 800 mM, though it is
commonly diluted prior to use. It may be important to understand if multiple mutations in
nemR can lead to clinically significant bleach resistance in B. contaminans, as this could
impact practices for decontamination of equipment in pharmaceutical factories, patient

rooms, and hospital equipment in order to prevent transmission of this pathogen.

Additionally, we demonstrated that deletion of the 241,019 bp mobile genetic
element seen in some clinical isolates from this outbreak did not appear to increase the
ability of the bacteria to invade and survive within macrophages. This large deletion was
present in 13 of the 41 (32%) isolates sequenced from this outbreak, which we
hypothesized indicated a unique fitness benefit to the isolates that acquired this large
deletion. We presumed that we would be able to detect a fitness benefit through a
macrophage invasion assay, as macrophages are the natural host and reservoir of

Burkholderia in humans. We were unable to demonstrate a survival benefit in the
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isolates with the deletion versus those without. Future experiments will compare the
fithess and virulence of these strains with and without the deletion by conducting
competition experiments, which are better able to show small differences between
strains (94). None of the genes in the deletion appeared to be virulence factors, based
on predicted function, but further investigation is needed to confirm this. These results,
however, do not exclude the possibility of a fitness benefit for the isolates containing this
large deletion. Further work is needed to determine whether the role this large deletion

plays a role in the virulence and fitness of these strains.

Overall, we were able to characterize several genetic changes in B. contaminans
that evolved during this outbreak. We demonstrated that deletions in mpl/lead to
increased ceftazidime resistance in mutants. Sensitivity to ceftazidime can be restored
with the addition of avibactam. This is clinically important, as cephalosporins are often
used as first line therapy in critically ill patients with fever for Gram-negative pathogen
coverage. Our analysis demonstrates that this therapy could be ineffective in critically ill
patients with B. contaminans. Importantly, it is possible that isolates with deletions in
mpl that are resistant to ceftazidime may be able to be treated with the combination of

ceftazidime and avibactam.

Unfortunately, since these isolates were taken from patients across the country, we
did not have access to the clinical courses of the patients from which the clinical isolates
were taken. Due to the nature of the study and how the isolates were collected, we are
unable to know when the sample was collected relative to when the patient was treated

with the contaminated product or when the clinical infection occurred. We are therefore
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unable to understand the temporal relationship of when the isolate was taken from the
patient versus when the patient first became ill versus when the patient received the
contaminated medication and what lot the medication came from. Only one isolate was
taken from the contaminated medication, so we are unsure if there was any genetic
diversity within and between different lots of contaminated product. Without knowing the
diversity within the product, we are unable to determine if the observed mutations arose
within the patient or arose in the product and were selected for in the patient. If clinical
data from the patients were available, it would be possible to determine if any of the
observed mutations were correlated with worse clinical outcomes or if there were any
risk factors associated with the observed mutations. Despite these limitations, we
believe our findings demonstrate novel mechanisms by which Burkholderia
contaminans evolved during an outbreak to become resistant to ceftazidime,

trimethoprim-sulfamethoxazole, and bleach.

These results are important because critically ill patients are particularly susceptible
to infections, and they are uniquely susceptible to nosocomial infections by pathogens
that typically do not infect non-critically ill patients. As the population of critically ill
patients increases with advances in medical technology, there is a growing need to
understand the pathogens that can increase morbidity and mortality in this susceptible
patient population. Burkholderia contaminans is one such pathogen that has caused
several outbreaks in contaminated medical products, yet little is known about this

bacterium’s infectivity and virulence pattern. This study sought to better understand how
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B. contaminans evolved during an outbreak to become more antibiotic resistant and

virulent in the critically ill host.
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Summary

In summary, Burkholderia contaminans is a Gram-negative multidrug resistant
bacterium that is an emerging pathogen in patients with cystic fibrosis (CF). It has
previously been associated with multiple outbreaks through the contamination of
pharmaceutical products. In 2016, B. contaminans was implicated in an outbreak of
infections in non-CF critically ill patients. Whole genome sequencing of clinical isolates
from this outbreak allowed investigators to trace the source to a contaminated water
filtration unit at a pharmaceutical factory that was producing non-sterile oral liquid
docusate sodium. Further analysis of the sequence variants identified evidence of
evolution of the bacteria from the pharmaceutical factory contaminant to the individual
patients. Key genes (mpl, dfrA, nemR) were further investigated to understand their role
in increased antibiotic and antimicrobial resistance. Our results show that deletions in
mpl induce ceftazidime resistance that is B-lactamase dependent and can be rescued
with the addition of the B-lactamase inhibitor avibactam. Further, we showed that the
D29E SNP in dfrA is not sufficient to induce trimethoprim-sulfamethoxazole (TMP-SMX)
resistance alone and that isolates with mutations in nemR trended towards increased

resistance to bleach in vitro.
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Figure 1: Intrinsic antibiotic resistance mechanisms in Burkholderia. Burkholderia
demonstrates several intrinsic antibiotic resistance mechanisms, including alterations of drug
targets, target overproduction, enzymatic cleavage, restrictive porins, and multidrug efflux
pumps. Burkholderia can also participate in plasmid exchange and recombination, meaning it
is capable of transferring and receiving antibiotic resistance cassettes with other bacteria.
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Figure 2: Peptidoglycan recycling pathway and Mpl. The peptidoglycan layer
is necessary for bacterial survival, and in Gram-negative bacteria, like
Burkholderia, there are two pathways to synthesize the peptidoglycan layer:
MurC, MurD, and MurE through three separate ATP-dependent steps (left, red),
or from peptidoglycan recycling with Mpl (right, green), which requires just one

ATP.
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Figure 3: Folate metabolism pathway.
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whereas trimethoprim specifically inhibits
dihydrofolate reductase (DHFR), the final
step in the pathway. DHFR is encoded by
dfrAin B. contaminans.
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Figure 4: NemR is a redox-regulated transcriptional repressor. A) In the
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nemRA operon, blocking transcription of downstream genes. B) Key cysteine
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Figure 6: Nitrocefin Cleavage in B. contaminans strains of interest. A) Nitrocefin
cleavage as determined by ODagonm Spectrophotometry over time. B) At a single time
point (t = 40 minutes), the amount of nitrocefin cleavage of each strain relative to
HI4860. * denotes p value < 0.05 by ordinary one-way ANOVA with Dunnett’s multiple
comparison test.
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Figure 7: MIC determination of ceftazidime and ceftazidime/avibactam by broth
microdilution in B. contaminans strains of interest. Comparison of growth, as
measured by ODg,,,..,, in clones of interest in ceftazidime (4 mg/L) versus ceftazidime

and avibactam (4 mg/L and 0.5 mg/L). * denotes p value < 0.05 by paired two-tailed t-
test between samples.
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B. contaminans growth in TMP and TMP-SMX
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Figure 8: Relative growth of B. contaminans strains of interest in TMP and TMP-
SMX. A.) Growth curve of strains of interest in two-fold dilutions of TMP alone, growth
measured by OD600nm. B.) Growth of B. contaminans strains in TMP (0.5 mg/L) and
TMP-SMX (0.5/2.5 mg/L) relative to the factory isolate, HI4860. C.) Relative growth of
B. contaminans strains in TMP (0.5 mg/L) versus TMP-SMX (0.5/2.5 mg/L). * denotes p
value < 0.05 by 2way ANOVA with Tukey’s multiple comparisons test.
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B. contaminans growth in HOCI
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Figure 9: Growth of B. contaminans strains of interest in 1TmM HOCI relative to
untreated controls at each time point. A.) Relative growth 5 minutes after addition of
HOCI. B.) Relative growth 45 minutes after addition of HOCI. C.) Relative growth 4 hours
after addition of HOCI. D.) Relative growth in 1mM HOCI plotted over time. All relative
growth calculations based on growth of matched untreated control.
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B.contaminans THP-1 Invasion

20

ns

—_
(&)
|

ns

Internalized Bacteria
(% of Total)
o o
| |

& o 4& )
\& e @ K4
S 7 \/
N (\0 @Q Q
@ X ¢
NS S
&Y N
e @ &
O N Q&
Nl SN D
S @ o
O \5’5 N
IR S
W 0‘5(0
< Ao
Figure 10: Intracellular survival of B.

contaminans nemR mutants. THP-1 derived
macrophages were infected and the number of
internalized bacteria was determined as a
percentage of total bacteria (internal and external)
present after 2 hours of infection before addition
of antibiotics to kill extracellular bacteria.
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B. contaminans
THP-1 Invasion
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Figure 11: Intracellular survival of B. contaminans
strain containing 241,019 bp deletion. THP-1
derived macrophages were infected and the number of
internalized bacteria was determined as a percentage
of total bacteria (internal and external) present after 2
hours of infection before addition of antibiotics to Kkill
extracellular bacteria.
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Tables

BCRLR

Number Isolate Source US City
AU33647 Sputum Houston
AU33648 Urine Houston
AU33835 Tracheal aspirate Houston
AU33863 BAL Houston
AU33951 Tracheal aspirate Chicago
AU33997 Tracheal aspirate Houston
AU34026 Tracheal aspirate Chicago
AU34027 Tracheal aspirate Houston
AU34040 Sputum Chicago
AU34062 Blood Houston
AU34064 Sputum Houston
AU34071 Blood Chicago
AU34103 Stool Houston
AU34131 Tracheal aspirate Houston
AU34140 BAL Houston
AU34155 Tracheal aspirate Houston
AU34156 Tracheal aspirate Houston
AU34188 BAL Houston
AU34348 BAL Houston
AU34349 Bronchial wash San Diego
AU34350 Sputum San Diego
AU34352 Sputum San Diego
AU34353 Bronchial wash San Diego
AU34354 Blood San Diego
AU34355 Sputum San Diego
AU34356 Bronchial wash San Diego
AU34357 Sputum San Diego
AU34358 Bronchial wash San Diego
AU34359 Sputum San Diego
AU34402 Tracheal aspirate Jackson
AU34403 Tracheal aspirate Jackson
AU34417 BAL Houston
AU34450 Stool Houston
AU34472 Blood Houston
AU34494 Tracheal aspirate Houston
AU34498 Urine Chicago
AU34549 Stool Houston
AU34845 Sputum Ann Arbor
AU34933 Tracheal aspirate Ann Arbor
AU34986 Tracheal aspirate Houston
AU35151 Blood Aurora
Table 1: Comprehensive list of clinical
isolates sequenced during the B.

contaminans outbreak. Site of patient
sample is provided as well as US city
where patient was hospitalized. All
isolates were obtained from the BCRLR.
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Antibiotic Tested

Antibiotic Class

Amikacin

Aminoglycoside

Amoxicillin/clavulanate

Penicillin/B-Lactamase Inhibitor

Ampicillin/sulbactam

Penicillin/B-Lactamase Inhibitor

Ampicillin Penicillin

Aztreonam Monobactam

Cefazolin Cephalosporin (1st gen)
Cefepime Cephalosporin (4th gen)
Cefotaxime Cephalosporin (3rd gen)
Ceftazidime Cephalosporin (3rd gen)
Ceftriaxone Cephalosporin (3rd gen)
Cefuroxime Cephalosporin (2nd gen)

Ciprofloxacin

Fluoroguinolone

Ertapenem Carbapenem
Gentamicin Aminoglycoside
Imipenem Carbapenem

Levofloxacin

Fluoroguinolone

Nitrofurantoin

Nitrofurantoin

Piperacillin/tazobactam

Penicillin/B-Lactamase Inhibitor

Tetracycline

Tetracycline

[Tobramycin

IAminoglycoside

Trimethoprim-
sulphamethoxazole

Anti-Folate

Table 2: List of antibiotic susceptibilities tested using the
Beckman-Coulter MicroScan system. Class of each antibiotic is

provided.
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Notes Source
E. coli
:::;E”B S-alpha Competent E. DH5¢ derivative cloning strain NEB
RHO3 Zﬂg’t:'l]l;z\elr: SRt':'ain- Kms ; SM10(Apir)Aasd::FRT Lopez et al. 2009
B. contaminans
H14860 Factory isolate BCRLR
AU34417 Clinical isolate with 45bp deletion in mp/ BCRLR
HI4860 mpl A45bp Factory isolate with 45bp deletion in mpl This study
H14860 Amp! Factory isolate with mp/ deleted This study
AU34352 dfrA D29E Clinical isolate BCRLR
AU34352 dfrA D29 Clinical isolate with ancestral dfrA sequence This study
AU35151 nemR R150L Clinical isolate BCRLR
AU35151 nemR R150 Clinical isolate with ancestral nemR sequence This study
H14860 nemR R150L Factory isolate with evolved nemR sequence This study
AU34026 Clinical isolate BCRLR
AU34403 Clinical isolate BCRLR

Table 3: List of all strains generated in this study including parental strains from the
outbreak or the source isolate.
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Notes Source
pEXKm5 KmR, sacB, gusA Lopez et al. 2009
pMPLKO fni)l(KmS carrying flanking regions of This study
PMPLANC pEXKm5 carrying wild type mp! This study
sequence
pMPLEVOL pEXKm5 carrying mpl with A45bp This study
pEXKm5 carrying wild type dfrA .
pDFRANC sequence (D29) This study
pDFREVOL pEXKm5 carrying difrA with D29E This study
pEXKmS5 carrying wild type nemR .
pNEMRANC sequence (R150) This study
pNEMREVOL pEXKm5 carrying nemR with R150L | This study
pEXKm5 carrying flanking regions of .
pNEMRKO nemR This study

Table 4: List of all plasmids used to generate B. contaminans clones

HI4860 AU34252 AU34417 AU35151
Ceftazidime 8 (S) 16 (1) >16 (R) 16 (1)
Trimethoprim-Sulphamethoxazole | <=2/38 (S) >2/38 (R) <=2/38(S) | <=2/38 (S)

Table 5: MIC determination using the Beckman-Coulter MicroScan machine
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L Minimum Maximum
Antibiotic Concentration (ug/mL) | Concentration (pug/mL)
Ceftazidime 0.5 256
Ceftazidime : Avibactam 0.25:0.0625 128 :32
Trimethoprim 0.125 64
Trimethoprim : Sulfamethoxazole 0.125:0.625 64 :320
Sulfamethoxazole 2 1024

Table 6: Concentration ranges used for broth microdilution MICs in B. contaminans
constructs. Each MIC was also conducted with a broth control (no bacterial
inoculum) and with a growth control (bacterial inoculum with no antibiotic added).

Strain MIC (mg/L) (cLsl i 6/>32) (relzg\l.i?c? iﬂggsm p value
HI4860 mp/ WT 4 Sensitive -— -
AU34417 mpl A45bp 64 Resistant 16 p < 0.00005
H14860 mp! A45bp 64 Resistant 16 p < 0.00005
H14860 Amp! 32 Resistant 8 p < 0.00005

Table 7: MIC determination for ceftazidime using microbroth dilution in MHB in B.
contaminans constructs.

MIC Sensitivity Fold Change
Strain (ceftazidime:avibactam) | ) o cytoff<B/i6/232) (relative to HI4860)
(mg/L)
H14860 2:0.5 Sensitive -
AU34417 8:2 Sensitive 4
HI4860 mpl A45bp 4:1 Sensitive 2
H14860 Ampl 4:1 Sensitive 2

Table 8: MIC determination for ceftazidime and avibactam combination using
microbroth dilution in MHB in B. contaminans constructs.
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Gene Description Position Mutation Annotation

dfrA Dihydrofolate reductase 811,112 TG D29E(GATGAG)
nemR HTHtype transcriptional repressor NemR 2,447,355 | GT R150L(CGGCTG)
mobile genetic element | 256 genes 1 241,019bp

puclL Uric acid degradation bifunctional protein PucL | 3,362,448 | GA G61D(GGCGAC)
PROKKA_01663 cell division protein DedD 1,856,621 | TC V75A(GTCGCC)
PROKKA_00969 hypothetical protein 1,072,062 | TC N271N(AATAAC)
PROKKA_07200 HNS histone family protein 434,563 | 1bp coding(235/330nt)
PROKKA_06372 hypothetical protein 3,548,706 | +96 bp coding(321/531nt)
PROKKA_05032 short chain dehydrogenase 2,128,875 | 54bp coding(356409/744nt)

Table 9: Comparative sequencing analysis of B. contaminans AU34352, a clinical

isolate with TMP-SMX resistance, relative to HI4860, the factory isolate.

Strain HI4860 dfrA D29 AU34352 dfrA D29E AU34352 dfrA D29
MIC (mg/L)
TMP 05 2 2
SMX >1024 >1024 >1024
TMP-SMX (1:5) 1/5 8/40 4/20
Sensitive/Resistant
(CLSI <2, =2)
T™MP Sensitive Resistant Resistant
SMX Resistant Resistant Resistant
TMP-SMX Sensitive Resistant Resistant
Fold-Change
Relative to HI4860
TMP == 4 4
SMX == 0 0
TMP-SMX ——- 8 4

Table 10: MIC determination of B. contaminans strains of interest by broth microdilution
in TMP, SMX, and TMP-SMX.
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Gene Description Position Mutation |Annotation

nemR HTHtype transcriptional repressor NemR 2,447,355 |GT R150L

papC Outer membrane usher protein PapC precursor 70,445 (C)56 icoding(438/2454nt)
gyrA DNA gyrase subunit A 852,659 GA T83l
PROKKA_07200 HNS histone family protein 434,563 1bp coding(235/330nt)
PROKKA_01382 StearoylCoA 9desaturase electron transfer partner [1,541,139 |AC [T220P

mobile genetic element [256 genes deleted 1 241,019bp

PROKKA_06372 hypothetical protein 3,548,706 |+96 bp coding(321/531nt)
PROKKA_00969 hypothetical protein 1,072,052 [TC N271N

Table 11: Comparative sequencing analysis of B. contaminans AU35151, a clinical
isolate with the nemR R150L mutation, relative to HI4860, the factory isolate.

Gene Description Position Mutation Annotation Mutation Present In:
mobile genetic element | 256 genes 1 241,019bp AU34026

HTHtype transcriptional repressor
nemR NemR 2,447,355 | GT R150L(CGGCTG) | AU34026, AU34403
PROKKA_00969 hypothetical protein 1,072,052 | TC N271N(AATAAC) | AU34026, AU34403
PROKKA_07200 HNS histone family protein 434,563 1bp coding(235/330nt) | AU34026, AU34403

Table 12: Comparative sequencing analysis of B. contaminans AU34026 and AU34403,
clinical isolates, relative to HI4860, the factory isolate. B. contaminans AU34026 and
AU34403 demonstrate the same mutations except for the 241,019 bp deletion seen in
AU34026 but not in AU34403.
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