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Abstract

Burkholderia pseudomallei (Bp), the agent of melioidosis, causes disease ranging from
acute and rapidly fatal to protracted and chronic. Bpis highly infectious by aerosol, can
cause severe disease with nonspecific symptoms, and is naturally resistant to multiple anti-
biotics. However, no vaccine exists. Unlike many Bp strains, which exhibit random variability
in traits such as colony morphology, Bp strain MSHR5848 exhibited two distinct and rela-
tively stable colony morphologies on sheep blood agar plates: a smooth, glossy, pale yellow
colony and a flat, rough, white colony. Passage of the two variants, designated “Smooth”
and “Rough”, under standard laboratory conditions produced cultures composed of > 99.9%
of the single corresponding type; however, both could switch to the other type at different
frequencies when incubated in certain nutritionally stringent or stressful growth conditions.
These MSHR5848 derivatives were extensively characterized to identify variant-associated
differences. Microscopic and colony morphology differences on six differential media were
observed and only the Rough variant metabolized sugars in selective agar. Antimicrobial
susceptibilities and lipopolysaccharide (LPS) features were characterized and phenotype
microarray profiles revealed distinct metabolic and susceptibility disparities between the var-
iants. Results using the phenotype microarray system narrowed the 1,920 substrates to a
subset which differentiated the two variants. Smooth grew more rapidly in vitro than Rough,
yet the latter exhibited a nearly 10-fold lower lethal dose for mice than Smooth. Finally, the
Smooth variant was phagocytosed and replicated to a greater extent and was more cyto-
toxic than Rough in macrophages. In contrast, multiple locus sequence type (MLST) analy-
sis, ribotyping, and whole genome sequence analysis demonstrated the variants’ genetic
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conservation; only a single consistent genetic difference between the two was identified for
further study. These distinct differences shown by two variants of a Bp strain will be lever-
aged to better understand the mechanism of Bp phenotypic variability and to possibly iden-
tify in vitro markers of infection.

Introduction

Burkholderia pseudomallei (Bp) causes melioidosis and is a Health and Human Services (HHS)
Tier 1 bacterial agent. This saprophytic, free-living organism causes endemic infections in
tropical regions such as Southeast Asia and Northern Australia. It is of widespread concern for
reasons including its large environmental range [1], the challenges involved in disease diagno-
sis, treatment complications due to inherent and acquired antibiotic resistance, and its poten-
tial for adversarial use [2-7]. Bp is a potential biothreat agent because of its high aerosol
infectivity and ability to cause severe disease with often nonspecific symptoms [2, 7].

Infections with Bp occur upon exposure to contaminated water, soil, or secretions, and
through skin abrasions, inhalation, or ingestion. The disease is manifested by numerous and
often generalized symptoms such as fever, ulcerating lesions of the skin and mucus membranes,
pneumonia, abscesses in multiple organs, and septicemia. Without effective treatment, the
course of melioidosis can range from acute and rapidly fatal to a protracted and chronic form;
the latter being commonly associated with immunocompromising conditions such as diabetes
[2, 3, 8]. Reoccurring illness is also observed and can potentially be due to reinfection or relapse
of a latent infection. All of these forms, especially the more enduring ones, can be very challeng-
ing to diagnose and treat effectively [2, 3, 7].

Bp strain MSHR5848 was originally isolated from the sputum of a patient with suspected inha-
lational melioidosis. A stock of MSHR5848 maintained at the U. S. Army Medical Research Insti-
tute of Infectious Diseases (USAMRIID) and designated BURK178, was observed to produce
colony variants. Strains of Bp typically exhibit variations in colony morphology and these variants
often occur randomly and are not stably reproduced on subculture. However, BURK178 pro-
duced two distinct colony variants, designated “Smooth” and “Rough”, with numerous in vitro
and in vivo phenotypic differences. Although the colony morphotypes were relatively stable under
typical laboratory conditions, both Smooth and Rough could switch to the other type at frequen-
cies which varied depending on the growth condition [9-14]. The frequent production of colony
morphological variants from a single strain is a well-established bacterial phenomenon [9-22].
Morphotypic changes may be due to mechanisms such as phase variation (reversible switch
between an on/off expressing phase) or to antigenic variation (expression of various alternate
forms of an antigen on the bacterial surface). Either form of colony morphotype expression can
result from genetic or epigenetic mechanisms which change the sequence of a gene or affect its
expression without altering its sequence, respectively.

Several early studies, beginning with those reported in 1924 by Stanton et al., established
that Bp isolates from human and animal clinical samples and from environmental sources can
produce two or more colony variants [15-17]. These variants were described as rough and
mucoid or smooth forms. The colony types were associated with several in vitro phenotypic
differences and potentially with alterations in in vivo virulence [15, 17, 23]. Numerous recent
studies have supported the hypothesis that different colony morphotypes potentially reflect
adaptive changes which enhance fitness in a particular environment [12-14, 20-22].

Many studies performed by Chantratita and colleagues confirmed the predominance of
variants with a rough morphology in Bp strains cultured from melioidosis patients [12]. This
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colony type (designated morphotype I) was seen on Ashdown’s medium in >75 to 93% of clin-
ical isolates. However colony morphology varied greatly within and between samples and
seven distinct colony morphologies of Bp were identified [12]. The rough variant was consid-
ered to be the parental type from which the others most likely arose in vivo. In vitro, the rough
type could switch to the other six morphotypes in apparent response to stresses such as iron
limitation [12]. These morphotypes exhibited different abilities to survive and persist in cell
culture and in mice and to resist killing by peroxide and antimicrobial peptides (AMPs) [12,
13]. Similar type switching was described by Velapinato et al. for variants recovered from a
patient during the acute and relapse stages of Bp infection [20]

Members of the Burkholderia cepacia complex (BCC) and the related species Pseudomo-
nas aeruginosa, exhibit colony morphology switching in association with their ability to col-
onize the lungs and cause severe infection in patients with cystic fibrosis (CF). For example,
Burkholderia ambifaria produces variants which differ in colony morphology, biofilm for-
mation, plant root colonization, and virulence in a manner suggesting that B. ambifaria
adapts to the very different environments of the CF lung and the rhizosphere by reversible
phase variation [9].

Such bacterial-host models may provide insights useful in the analysis of phenotypic vari-
ants from Bp strain MSHR5848. The pathogenesis originally hypothesized for chronic lung
infections involved reductive evolution in which increased nutrient availability in the airway
selects for less virulent bacteria better adapted to long-term infections [24, 25]. This process
involves loss of unnecessary metabolic pathways, saving energy to support persistent infection.
Similarly, a case of melioidosis involving infection with chronic lung carriage led to multiple
gene losses in the Bp lung isolates to include those encoding LPS and capsule. These changes
may have reduced the host immune response to the strain, converting it to an attenuated yet
persistent form. However, more recent models have proposed that evolving pathogen-host
interactions produce a diverse population of phenotypically heterogeneous variants, to include
ones which are fully virulent [26-29]. Thus, chronic infection and the disease environment
may turn on expression of nutritional determinants and virulence factors, promoting genetic
diversity and more aggressive infection [26, 30-33]. To persistently colonize, pathogens must
adapt to the host and evolve with it in a way that favors its increased proliferation and ability
to evade host immune responses [26, 34].

Specific phenotypic and RNA expression profiles have been linked to host-associated adap-
tive responses of Bp [12, 13, 20, 34-37],. While certain nutrient metabolism- and virulence-
associated genes were often down-regulated, others were upregulated [26-29, 34, 36]. The lat-
ter included genes involved in anaerobic metabolism and energy production [20, 35, 36], resis-
tance to stress conditions (e.g., reactive oxygen or nitrogen intermediates) [12, 20, 35, 37], and
genes encoding virulence factors promoting host cell survival and spread, e.g., type six secre-
tion system (T6SS-1) functions [20, 24]. Such genetic changes likely contribute to the increas-
ing bacterial adaptive fitness and immune evasion mechanisms required for prolonged
infection [20, 34, 35, 37]. Findings from these and other models of infection illustrate the
potential role of “nutritional virulence” in pathogenesis [8, 38-40] and stimulate research on
metabolism-based mitigation of disease.

The goals of this study were to phenotypically and genetically characterize the major vari-
ants of MSHR5848 and initiate efforts to determine the mechanism of variant expression and
its role in disease pathogenesis. A wide ranging approach was taken utilizing multiple technol-
ogies, and it was hypothesized that an analysis of the phenotypic variation of Bp would help
target in vitro markers associated with different stages of infection.
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Materials and methods
Media and chemicals

Nonselective media used included sheep blood agar (SBA), glycerol tryptone agar (GTA) [8],
brain heart infusion (BHI) agar and Luria broth (LB) agar. The four differential/selective
media used included: OFPBL (oxidation-fermentation base-polymyxin B-bacitracin-lactose)
agar; PC/BCA (Pseudomonas/Burkholderia cepacia agar) with polymyxin B, ticarcillin, and dye
to detect alkaline pyruvate metabolism; BCSA (Burkholderia cepacia selective agar), with poly-
myxin B, gentamicin, vancomycin, sucrose and lactose with dye to detect acid production (for
Bp); and Ashdown’s agar (AA) containing glycerol, dyes and gentamicin. All were available
commercially (Thermo Fisher-Remel, Waltham, MA) except GTA and AA plates which were
manually prepared as directed by the manufacturer or as described previously. Liquid growth
media were LB broth, glycerol tryptone broth (GTB), or cation-adjusted Mueller-Hinton II
Broth (MHB) (BBL™, BD Diagnostics Franklin Lake, NJ). Chemicals were obtained from
Sigma-Aldrich (St. Louis, MO), and antimicrobial peptides were acquired from the following
sources: Sigma/Fluka, Bachem (Torrance, CA), Biopeptek (Malvern, PA), Synthetic Biomole-
cules (San Diego, CA), and Peptides International (Louisville, KY).

Bacterial strains and characterization

Bp strain MSHR5848 was originally isolated from human sputum in a suspected inhalational
melioidosis case at the Royal Darwin Hospital in Australia in 2011 and was subsequently sent
to the Menzies School of Health Research (MSHR) in 2012. The strain was received by the
USAMRIID Department of Defense Unified Culture Collection (UCC) in 2013 and designated
BURK178.

The source vial of BURK178 was propagated first into a seed stock and then the seed stock
was amplified into a production lot of single use cryovials. Culturing was done using 5% SBA
(Remel, Lenexa, KY) and colonies were harvested into a suspension of TSB with 12.5% glyc-
erol. Colony morphology was initially assessed post-production on 5% SBA and AA, and cellu-
lar morphologies were assessed by performing Gram stains on each observed variant. Variants
were also stained with the fluorescent DNA binding dye propidium iodide (Sigma-Aldrich).
Smooth and Rough colonies were suspended in PBS and the suspensions were dried on micro-
scope slides and stained with propidium iodide. The slides were viewed on an Olympus BX51
microscope with phase contrast (100x, oil immersion objective) and fluorescence (exe 535 nm/
em 617 nm) microscopy.

Presence of colony variants in strain stocks. Purity and colony morphology assessments
were performed on the original source vial as well as the seed and production stock prepara-
tions. A ten-fold serial dilution of each stock was prepared using Dulbecco’s Phosphate Buffered
Saline (DPBS) as the diluent. In order to obtain single colonies in quantities between 30 and 300
per plate, 100 pl of the 10~® and 10~ dilutions were used. The original stock was slightly less
concentrated so 50 pl the 10~ and 100 pl of the10™ dilutions were used instead. Both 5% SBA
and AA were inoculated with the respective dilutions using a cell spreader and an inoculating
turntable. In all cases, each dilution was plated in triplicate. The plates were incubated at 35°C
in ambient atmosphere for a total of 96 h with observations occurring approximately every 24 h.
In addition to standard colony morphology assessments, each plate was also photographed and
the colonies were counted during each observation period.

To characterize the morphological stability of each variant, a subsequent dilution series of
each variant was prepared using a single representative colony as the starting material. The
dilution series was prepared by suspending the single colony in 1 ml DPBS and conducting
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another ten-fold serial dilution. One hundred microliters of the 107® and 10~” dilutions were
used to inoculate 5% SBA plates in triplicate. Plates were incubated and assessed as described
above. Each observed variant was characterized by all of the phenotypic and molecular meth-
ods detailed below.

In vitro growth and variant switching frequency

Growth rates in broth culture of MSHR5848 Smooth and Rough were assessed using the BioSc-
reen C automated growth curve analysis system by Growth Curves USA. Each variant was first
propagated on 5% SBA at 35°C for 48 h in ambient atmosphere. A single representative colony
from each culture was then chosen to inoculate an MHB starter culture, which was subsequently
distributed to the wells of a BioScreen C plate. The starter culture was incubated on the BioSc-
reen C at 37°C with continuous shaking and data were collected every 15 min at 600nm. When
the starter culture reached an ODg, of 0.1-0.3, the starter culture was removed from the instru-
ment and transitioned to a primary culture. The following formula was used to determine the
volume of starter culture (V) to add to fresh media with a volume (V,,,), depending on the starter
OD (ODy): V= (0.001/0ODy)* V.. The new suspension was vortexed and distributed to the wells
of a fresh BioScreen C plate. The primary culture was incubated for 48 h in the same manner as
the starter culture. Variant growth curves were analyzed by two-way ANOVA on data collected
at 15 minute intervals of the Bioscreen C program run. At each time point a two-way ANOVA
was performed, with the two factors being the colony type and the stock (original source or pro-
duction). The interaction between the two factors was not significant, indicating that the effect
of colony type was homogenous across stocks. Following removal of the interaction term, the
statistical significance of the main effect of colony type from the two-way ANOVA was obtained.
The doubling times of Smooth and Rough variants were determined by curve fitting and analysis
implemented in SAS Proc NLIN. The latter is a procedure for fitting nonlinear models in SAS
statistical software version 9.4, based on the slopes of the curves at their inflection points. The
doubling times were estimated by OD, = 0D, (2)"4 where OD; is the number of bacteria (OD)
after time (t), OD is the number of bacteria at to, and d is the doubling time. The statistical sig-
nificance of the two doubling time values was determined by Welch’s t-test.

Multiple stocks ("clones") were prepared of individual Smooth and Rough colonies from
the MSHR5848 stock: 21 Smooth and 17 Rough. These clones were tested for transition to the
other type in the 14 growth conditions described below. The circumstances tested in 1-10 cor-
responded to those detailed by Wikraiphat et al. [22], 11 was described by Austin et al. [21],

12 and 14 were developed in this study, and 13 was performed according to the conditions
depicted by Butt et al. [41]. Six of the Smooth clones tested had been fresh revertants of Rough
clone #1 that had been incubated in condition 9 (7 days at 37°C).

Identification and phenotyping assays

All cultures used in phenotypic tests except as indicated were propagated on 5% SBA and incu-
bated for 48 h in ambient atmosphere at the indicated temperatures.

Fatty acid analysis was performed using the MIDI, Inc. microbial identification system
(MIS) in conjunction with the Sherlock®™ software. For MIS characterization, sample extracts
were prepared in accordance with the Sherlock™ Microbial Identification System Operating
Manual (MID], Inc., Newark, DE). Sample extracts were then injected into an Agilent 6850
gas chromatography system (Santa Clara, CA) where fatty acid methyl esters are separated as
they pass through a capillary column and are subsequently burned by the flame ionization
detector to create a signal. The data are plotted on a chromatogram and analyzed by the Sher-
lock™ Microbial Identification System software based on the retention time, size and shape of
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each peak. Peak profiles for each variant were searched against the Sherlock™ bio-threat
library for species identification.

Samples were analyzed for species identification on the VITEK"™ 2 Compact using the
Gram-negative identification card (GN). The GN Card contains 47 substrates and 1 negative
control and measures carbon source utilization, enzymatic activity and resistance. Suspensions
of the test samples for VITEK™ 2 Compact assays were prepared by transferring several isolated
colonies from the agar plate to 3.0 ml of 0.45% saline and adjusting the turbidity as necessary
until a 0.5-0.63 McFarland standard was achieved using the DensiCHEK™ Plus Meter, in
accordance with the VITEK® 2 Systems Product Information (bioMerieux Inc., Hazelwood,
MO). Suspensions were then used to inoculate VITEK™ 2 GN cards. Inoculation of cards, incu-
bation, and analysis were done automatically by the VITEK®™ 2 Compact instrument.

The GEN III MicroPlate™ system (GEN IIl OmniLog™) was used for species identification
and abridged phenotypic profiling. These plates contain 71 carbon sources and 23 antimicrobial
chemicals. Inocula for all samples were prepared with inoculating fluid IF-A using protocol A in
accordance with the OmniLog Data Collection Software Identification System User Guide, ver-
sion 2.1 (Biolog, Inc., Hayward, CA). Data were collected every 15 min using the full data logger
option for 36 h. Samples remained in the instrument beyond the completion of the original 36 h
incubation period and a single data point was collected at the 48 h time point. Sample identifica-
tions were produced using a combination of the GEN III database and manufacturer assisted
user database. The metabolic profiles were also evaluated by exporting the threshold values using
the Biolog Retrospect software, version 2.1.1. The arbitrary respiratory units are normalized on a
0-100 scale by an algorithm of the Biolog program, which also produces threshold values. These
were used to establish positive and positive/negative cut-off values, and allowed differences in
metabolism by the bacteria to be discriminated for the chemicals.

Biolog Phenotype Microarray ™ (PM). The PM system of Biolog consists of 20 micro-
plates and includes a total of 1,920 substrates/chemicals. PM plates 1-20 are used to characterize
strains in their ability to use different compounds as sources of carbon, nitrogen, phosphorus
and sulfur; or in their sensitivity to stressful environmental conditions such as pH extremes or
high salt concentrations; and antimicrobial chemicals such as antibiotics, detergents, oxidizing
agents, and others. Sets of PM plates 1-20 for each variant were prepared in accordance with
the Biolog PM procedure for E. coli and other gram—negative bacteria. Kinetic data were col-
lected every 15 min at 37°C for 48 h and subsequently analyzed using version 1.20.02 of the File
Management/Kinetic Plot and Parametric software.

The data generated from the 20 PM plates were evaluated statistically to compare target
responses of the MSHR5848 morphotypes and to rank those substrates producing the greatest
differences in responses between the Smooth and Rough variants. The area under the curve
(AUC) parameter was selected, and four different statistical methods were used to analyze the
data: the Biolog Phenotype Microarray ™ analysis software; the opm and Pipeline packages
based on R language, as described previously [42-44]; the DuctApe suite [45]; and a two-way
ANOVA model using data normalized to positive control scores, as implemented in SAS®)
system’s PROC GENMOD procedure. The results of these analyses were in general agreement
on the trends suggested by a comparison of the variants’ responses. The analysis using the PM
version 1.20.02 of the File Management/Kinetic Plot and Parametric software are presented.
For an analysis using the PM software, the Smooth variant served as the test and the Rough
variant served as the reference. Since there was a notable signal in the A1 wells of plates 1-8,
the Al zero function was employed. The difference in the AUC between the two variants was
analyzed to identify the substrates that elicited the greatest difference in response. In instances
where the Rough variant had a greater response than the Smooth variant, a threshold of -3,000
omnilog units (OU) was used to select the most discriminating substrates. Due to an overall
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increased response of the Smooth variant, two separate thresholds were used to discriminate
the substrates for which the Smooth variant had a greater response: 25,000 OU for the meta-
bolic pathway assays and 11,000 OU for the chemical sensitivity assays. These thresholds gen-
erated lists of a reasonable size to use in further exploration of functional significance.

LPS profiling. Bp MSHR5848 Smooth and Rough variants were streaked onto 5% SBA
plates and incubated at 37°C for 48 h. From each plate, approximately 5-6 isolated colonies
with uniform morphology (i.e., all Smooth or Rough) were resuspended in GTB broth and
incubated at 37°C with shaking at 200 rpm overnight. The cultures were then diluted to an
ODs; of approximately 1.0 and heat-killed at 90°C for 90 min. After sterility was confirmed,
LPS was extracted using the procedure from Yi and Hackett [46]. The purified LPS samples
were separated by SDS-PAGE using 10-20% Tricine gels (Thermo Fisher Scientific), and west-
ern blots were performed using a variety of monoclonal antibodies specific for Burkholderia
LPS. These included 11G3-1 from Dr. D. Waag and S. Trevino; BP7 1H7, BML 11G6, BPL
30D11, BP7 2G6, BML 18F8, and BP A2 from Dr. S-C. Lo; 9D5 from Dr. N. Chantratita; and
3D11 from LPBio, Inc. Peroxidase-labeled goat anti-mouse IgG was used as the secondary
antibody (KPL, Gaithersburg, MD), and the blots were developed using colorimetric detection
with tetramethylbenzidine (TMB) Membrane Peroxidase Substrate (KPL). Alternatively, silver
staining was conducted using a method described by Tsai and Frasch [47].

Antimicrobial sensitivity testing. Chemical and antimicrobial peptide sensitivity testing
was performed using the GEN III MicroPlates™, described above, and additional microtiter tests
were used to evaluate sensitivity to selected chemicals and antimicrobial peptides (AMPs). Chemi-
cals selected for testing in the microtiter assays included NaCl (1%, 4%, and 8%), nalidixic acid
(5 and 50 pg/ml), the surfactant niaproof 4 (0.027% and 0.10%), reactive oxygen species (ROS)
inducer paraquat dichloride (2.5 uM), and reactive N, intermediate (RNI) sodium nitrite (2 mM).
Bp strains were differentially responsive to the selected concentrations in preliminary tests; and all
were sensitive to 2.5 uM paraquat and to 2 mM sodium nitrite as reported [13]. Eight AMPs were
screened: cecropin A, mastoparan 7, LL-37, magainin, melittin, BMAP-18, bactenecin, and
CA-MA [13, 48-50]. E. coli strain ATCC 25922 and Bp K96243 were used in the assays to verify
activity. After addition of the antimicrobials to the trays, the wells were inoculated with strains
adjusted to a concentration of 1 x 10° CFU/ml in MHB. The trays were incubated for 48 h at
37°C, and growth or inhibition in all assays was determined by reading absorbance (Ag3p). The
absorbance results were recorded as resistant (R, ODg30 >75% positive growth control), sensitive
(S, ODg3¢ <50% positive control), borderline (R/S, ODg3¢ >50 and <75% positive control), or
very sensitive (S+, ODg39 <2x the uninoculated negative control wells containing medium alone).
Differences in absorbance values determined from replicate GEN III plate experiments were eval-
uated by t-test or by ANOVA and Tukey multi-comparison post-tests, as needed. These statistical
analyses were performed with GraphPad Prism ver. 5.2.

Persistence phenotype. An in vitro assay to detect persister-type cells was performed to
differentiate cells based on tolerance to high concentrations of antibiotic. The procedure used
was described previously by Butt and coworkers [41] who identified the HicAB system as hav-
ing a role in persistence in an in vitro antibiotic tolerance assay. To test the Smooth and Rough
variants for possible differences in persister cell formation, an in vitro assay comparing their
development of tolerance to a high concentration of ciprofloxacin was employed, as described
previously [41].

For both variants, the growth of log and stationary phase cultures in LB with ciprofloxacin
added (391 pg/ml, 100x MIC) were compared by dilution plating at intervals during incuba-
tion at 37°C for 30 h, as described previously [41].
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Molecular genetics

Ribotyping was performed on variants which had been subcultured on 5% SBA and incubated
for 48 h at 35°C in ambient atmosphere. Cultures of each sample were digested with EcoRI
according to the Dupont Qualicon Riboprinter™ Microbial Characterization System User’s
Guide (Dupont Qualicon, Wilmington, DE). The patterns were analyzed using BioNumerics
version 7.5 (Applied Maths, Austin, TX).

For MLST analysis, DNA was extracted from single colonies for each observed variant
using heat lysis. PCR amplification and sequencing of seven housekeeping gene fragments was
subsequently performed using primers for the Bp MLST scheme, as previously described by
Godoy, et al. [51].

Whole Genome Sequence (WGS) analysis. To identify genetic changes associated with
the two phenotypic variants, we conducted whole genome sequencing. Two preparations were
characterized for both MSHR5848 Smooth and Rough variants. In the first, the strains were
propagated in GTB [8] starting from a single representative colony for each variant and incu-
bated with shaking to log phase. The bacteria were harvested and genomic DNA was extracted
using the Qiagen DNeasy Blood and Tissue kit and sequenced on both a Pacific Biosciences
(PacBio) RSII and an Illumina MiSeq. For the second preparation, DNA was extracted directly
from representative colonies without additional growth in broth culture, thus explicitly control-
ling for potential reversion events. For each variant, approximately five colonies were pooled
and DNA was extracted with the Qiagen EZ1 Biorobot using the Virus 2.0 kit and sequenced
on an Illumina MiSeq.

PacBio libraries were prepared using the SMRTbell™ Template Prep Kit (Pacific Biosci-
ences, Menlo Park, CA) following manufacturer’s protocol. DNA (5 ug) was fragmented using
gTUBE (Covaris Inc., Woburn, MA) to ~20 kb. After DNA damage repair and ends repair,
blunt hairpin adapters were ligated to the template, and failed ligation products were digested
with ExolIl and ExoVII exonucleases. Resulting SMRTbell template was size selected on Blue-
Pippin system (Sage Science, Beverly, MA) using 0.75% dye-free agarose cassette with 4-10kb
Hi-Pass protocol and low cut set on 4 kb. Size selected template was cleaned and concentrated
with AMPure PB beads. The P4 polymerase was used in combination with the C2 sequencing
kit and we collected 180-minute movies. Raw reads were quality filtered (subread length > =
500; polymerase read quality > = 0.80) and de novo assembled using HGAP 3 v2.2.0. Assem-
blies were checked for redundant sequence at the ends using Gepard v1.3.For each complete
circular chromosome, these redundant sequences were trimmed to one copy and a new break-
point was chosen for its linear representation. Reads were then re-aligned to the trimmed and
shifted draft assembly for correction using the Quiver algorithm. The final genome assemblies
(GenBank: CP016909—CP016912) were annotated using NCBI’s Prokaryotic Genome Anno-
tation Pipeline v3.2 [52].

[lumina libraries were prepared using the Nextera XT kit according to manufacturer’s
instructions and were sequenced with a V2 500 cycle kit or a 300 cycle paired end sequencing
kit. Reads were quality filtered using Prinseq-lite v0.20.3 and Illumina adaptors were clipped
using Cutadapt v1.2. Reads were then mapped using Bowtie2 v2.0.6 against the NCBI RefSeq
MSHR5848 chromosomal sequences (GenBank: NZ_CP008909—NZ_CP008910). Samtools
v1.2 was used to remove 1) reads that mapped equally well to multiple places in the reference
genome and 2) reads that did not map in a proper pair. PCR duplicates were removed with
Picard v1.131. Variants were called using the UnifiedGenotyper in GATK v3.1-1-g07a4bf8 and
the predicted effects of variants were annotated with SnpEff using a database prepared from
the MSHR5848 reference GFF downloaded from GenBank.
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Macrophage infection assays

Phagocytosis assays to measure the ability of the MSHR5848 variants to infect macrophages
and to induce cell damage were performed as described in detail previously [8]. In brief, J774.
A1l mouse macrophages in a 24-well tray were infected with 10-20 CFU Bp and incubated 1 h
to allow phagocytosis of the bacteria. Samples of lysed cells were collected for viable counts

(“1 h”), or the infected wells were incubated for 2 h in the presence of 250-500 pg/ml kanamy-
cin to kill unphagocytosed bacteria. Lysed samples were collected (“3 h”) and the plate incu-
bated an additional 5 h (“8 h”) at which time lysed wells were sampled for viable counts. In
addition, in separate wells, the extent of cytotoxicity and of cell loss was measured by trypan
blue (TB) dye uptake and/or by staining with propidium iodide (PI). Live cells exclude TB and
PI and are unstained under phase (TB) or fluorescence (PI), whereas dead cells are permeable
and have blue (TB) or bright red (PI) stained nuclei. Cells on coverslips were alternately stained
with Diff-Quik™ histologic stain to assess macrophage condition (normal versus necrotic, apo-
ptotic, or multinucleated appearance of cells and nuclei), extent of formation of multi-nucleated
giant cells (MNGC), and the relative level of residual bacterial infection. Differences in the via-
ble counts obtained from infected macrophages were evaluated by t-test or by ANOVA and
Tukey multi-comparison post-tests, as needed. These statistical analyses were done with Graph-
Pad Prism ver. 5.2.

Mouse infection

BALB/c mice were challenged by the intraperitoneal (IP) route with Bp MSHR5848 strain,
Smooth or Rough, and the mice were monitored for morbidity and mortality for 60 days, as
described previously [8]. Survival data from days 21 and 60 were evaluated statistically by
Bayesian probit analysis to calculate median lethal dose (LDso and 95% credible estimates) and
determine dose response associations, as described in detail previously [8] and in the text.
Bayesian lethal dose estimates and significance were determined using Stan statistical software
version 2.1.0 and other lethality rate statistics were performed using the statistical software R
version 3.1.1.

Ethics statement

Animal research at the United States Army Medical Research Institute of Infectious Diseases
(USAMRIID) was conducted under an animal use protocol approved by the USAMRIID Insti-
tutional Animal Care and Use Committee (IACUC) in compliance with the Animal Welfare
Act, PHS Policy, and other Federal statutes and regulations relating to animals and experi-
ments involving animals. The facility where this research was conducted is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC) and adheres to principles stated in the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011). Challenged mice were observed at least daily for
60 days for clinical signs of illness. Humane endpoints were used during all studies, and mice
were humanely euthanized when moribund, according to an endpoint score sheet. Animals
were scored on a scale of 0-11: 0-2 = no significant clinical signs (e.g., slightly ruffled fur); 3—
7 = significant clinical symptoms such as subdued behavior, hunched appearance, absence of
grooming, hind limb issues of varying severity and/or pyogranulomatous swelling of varying
severity (increased monitoring was warranted); 8-11 = distress. Those animals receiving a
score of 8-11 were humanely euthanized. However, even with multiple observations per day,
some animals died as a direct result of the infection.
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Results

Morphological characterization

Colony and microscopic characterizations. BURK178 exhibited two distinct colony
types when cultured on various differential and selective plated media (Table 1). On 5% SBA
plates, BURK178 produced a smooth pale yellow colony (Smooth) and a flat rough and grey-
ish-white colony (Rough). Fig 1A displays representative Smooth and Rough colonies on 5%
SBA. On AA, the Rough varjant exhibited colonies resembling the morphotype I colony mor-
phology described by Chantratita, et al. [12], while the Smooth variant primarily yielded colo-
nies consistent with the morphotype III or VI morphology, shown in Fig 1B. BCSA plates are
commonly used for selective isolation of pathogenic B. cepacia complex species and for Bp. In

Table 1. Summary of phenotypic differences of Bp MSHR5848 (BURK178) variants.

Morphologic

Biochemical

Phenotype Analyses

Molecular Analyses

Infection

Other

Phenotype
Gram stain
PI nucleic acid dye
Colony morphology
BCSA Sugar utilization
BiOLOG GENIII
BiOLOG GENIII
VITEK2™
SherlockMIDI
Antimicrobial sensitivities
GENIII microarray®
PM metabolic activity’
DNA sequences
MLST"
Riboprinting
Macrophage cytotoxicity'
Macrophage replication’
Mouse virulence (IP)
LPS banding pattern
Persister phenotype

Difference
Yes
Yes
Yes
Yes

C

Yes
Yes®
No°
No°
Yes
Yes
Yes
Yes
No

No

Yes

d

Yes
Yes
No
No

Smooth?

GNR

positive

raised, yellowish, shiny
alkaline

Bp (36 h)

B. thailandensis (48 h)

Bp

Bp

variable

15/15 positive

more active (59 significant)
WGS difference (chrom 2)¢

75% killing

> fivefold greater uptake
less virulent

type A subtype 3
positive

&The Smooth morphotype from the solid medium production stock of strain MSHR5848.
PPhenotypes of the Rough variant of the MSHR5848 solid medium production stock are similar to those of the liquid medium production stock of Rough.
°The species identifications of the variants reported in the GENIII system differed at the 36 h and 48 h readings. VITEK2™ and SherlockMIDI identification
systems reported no differences; all variants were B. pseudomallei.
dInter-experimental variation in sensitivities of the Smooth and Rough strains to selected chemicals and antibiotics in manual microtiter assays.
°Based on GENIII plates (94-phenotypes) incubated and analyzed on the Omnilog. ™ Of the 15 carbon source substrates differing most consistently
between the variants, 15 were strongly metabolized by Smooth and 7 were strongly metabolized by Rough.
*Metabolic activity of variants for 1,920 substrates or inhibitors (20 PM plates) measured during incubation in Biolog Phenotypic Microarray ™.
9Sequences from WGS libraries of variant Smooth and Rough colonies were obtained using the PacBio and lllumina MiSeq platforms. A 3-base sequence

on chromosome 2 of Smooth was absent in Rough and may impact the downstream gene as described in the text.

Rough®

typical Bp

negative

flat, grey, dry

acid

4 Burkholderia spp. (36 h)
Bp (48 h)

Bp

Bp

variable

7/15 positive

less active (47 significant)
3-base deletion

12.5% killing
reduced
more virulent
Same

Same

"The multilocus sequence type (MLST) was no. 553 for both variants; their Ribotyping Riboprinter™ rRNA patterns were conserved.
iSmooth variant was more cytotoxic than rough in terms of cell killing and MNGC production; and was phagocytosed to a fivefold greater extent and

replicated significantly more as detailed in Fig 5 and Table 5.

ILD50 values (days 21 and 60) of MSHR5848 Rough were almost tenfold lower (and had higher dose-related lethality rates) than MSHR5848/Smooth. Fig 6
confirms the more rapid loss of survival of Rough.
kThis phenotype is based on an in vitro model for development of tolerance to high levels of ciprofloxacin. Both strains exhibited persister tolerance.

doi:10.1371/journal.pone.0171363.t1001
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Fig 1. Smooth and Rough variant colony and microscopic morphologies. A: Sheep blood agar plates.
The smooth, glossy, pale yellow colonies are the Smooth morphotype (arrow) and the flat dry grey-white
colonies are Rough (arrowhead). B: Ashdown’s agar plates. The raised shiny, smooth deep pink colonies are
Smooth (arrow) and the wrinkled dry pink and purple colonies are Rough (arrowhead). C and D: BSCA plates
with Rough (lactose-positive, yellow dye) and Smooth (lactose-negative, red dye) growth, respectively. E and
F: Gram stains of Smooth and Rough, respectively (100x objective). The Rough cells exhibit a’safety pin”
appearance with stained poles and unstained center whereas the Smooth bacteria have a typical gram-
negative rod morphology. G—J: The BURK production stock was grown on SBA plates at 37°C for three days.
Smooth or Rough colonies were suspended in PBS and the suspensions were dried on microscope slides and
stained with the fluorescent DNA binding dye PI. The slides were viewed on an Olympus BX51 microscope
with phase contrast (100x, oil immersion objective) or fluorescence (ex. 535 nm/em. 617 nm) microscopy. G:
Smooth colony bacteria viewed by phase contrast. H: Smooth colony bacteria stained with Pl and viewed with
fluorescence. |: Rough colony bacteria viewed by phase contrast. J: Rough colony bacteria stained with Pl
and viewed with fluorescence.

doi:10.1371/journal.pone.0171363.9001

addition to antibiotics for selection, the medium contains lactose and a pH indicator to detect
strains capable of lactose utilization with the production of acid. As shown in Fig 1C and 1D,
the MSHR5848 Rough variant appeared to ferment lactose and produce acidic conditions on
BSCA as detected by the change in color to a greenish-yellow. In contrast, MSHR5848 Smooth
colonies were lactose-negative and produced a pink color change attributed to alkaline metab-
olism of peptones.

In addition to being visually distinct on blood agar, the variants also differed at the micro-
scopic level (Table 1). Gram stains showed that the Rough variant has the typical safety pin
appearance associated with Bp (data not shown), while that characteristic is not as obvious in
the Smooth variant (Fig 1E and 1F). Also, Smooth, but not Rough, was stained with DNA-
binding dye propidium iodide (Fig 1G-1]), a finding which supports previous observations
that certain mucoid isolates of Bp secrete DNA [21].

Analysis of colony variants in stock cultures. Stock cultures were prepared from the
BURK178 source vial for experimental use. Seed and production stocks prepared on 5% SBA
produced both Smooth and Rough colonies. The percentage of Smooth colonies increased
from 0.35% in the source vial to 4.7% in the seed stock, and increased again to levels nearly
equal (47%) to those of the Rough variant in the production stock. Thus, the ratio of Smooth
to Rough increased with each subsequent stock preparation (S1 Table) and appears to be
related to growth rate differences as described below.

Representative colony types isolated from the seed and production stocks were collected,
serially diluted, and plated for single colony isolation to characterize the morphotypes they in
turn produced. All colonies observed in platings of individual Rough colonies from the
BURK178 seed or production stocks exhibited the Rough morphology (52 Table). Similarly,
except for the production of low numbers (0-2.6%) of random unstable variants (mucoid or
flat, smooth grey morphotypes in S2 Table), 92-95% of the colonies produced by the Smooth
variant were also Smooth. In contrast, both of the random unstable variants produced by the
Smooth colony yielded colonies the majority of which displayed typical Smooth morphology
and not the morphology of the unstable variant (S2 Table and data not shown). This is illus-
trated by the results with the “mucoid” variant from the seed and production stocks, which
produced Smooth colonies present at 79% to 91% of the total colony count (S2 Table).

Overview of phenotypic differences

To analyze the phenotypic and genotypic properties affected by the variant switching and
begin to understand its mechanism, a wide range of characteristics were compared for the two
major variants. These characteristics and assays performed are listed in Table 1 and the
Smooth and Rough responses summarized. As illustrated in Table 1, many different
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phenotypes were affected by the switching process, ranging from in vitro metabolic activity to
virulence for mice.

In vitro growth and variant switching frequency. The Smooth variant multiplied at a
higher rate in vitro and reached stationary phase before the Rough variant. The Smooth and
Rough growth curves were analyzed by two-way ANOVA on data collected every 15 min during
the automated Bioscreen C run. For all time points, Smooth and Rough growth differed signifi-
cantly (P values from 0.0037-0.0001). The doubling times of the variants were 1.74 + 0.1 h and
2.08 + 0.21 h for Smooth and Rough, respectively; they were statistically different (P = 0.0001).

The frequency of switching between the two major colony variants present in the
MSHR5848 stock was examined by identifying conditions under which the Smooth and
Rough variants of MSHR5848 could revert or switch to the other morphotype. None of the
Smooth single colony stocks that were tested directly exhibited switching to the Rough mor-
photype (Table 2). The six Smooth clones for which switching was observed had been freshly-
isolated revertants of a Rough colony stock (Table 2). These six Smooth isolates were tested for
reversion to Rough using condition 14 (shaking incubation for 24h at 37°C in TSB) or direct
plating of the frozen stocks onto TSA and 5% SBA with incubation for 3days at 37°C. Only
condition 14 induced reversion of Smooth to Rough, with a mean frequency of 2.1% (Table 2,
and data not shown). The Rough variant overall reverted more frequently and in more growth
conditions than was observed for Smooth, although the switching frequency was variable

Table 2. Growth conditions used to produce colony morphotype switching in MSHR5848 variant colony stocks®.

6 Incubation Colony reversion®
No. Medium Addition Temp Atmosphere Shaking Time and sampling Smooth® Rough®
1 Distilled water - 37°C aerobic no 24 h 0/11 0/11
2 TSB,pH 7.4 - 37°C aerobic no 24 h " 2-Feb
3 TSB, pH 4.0 - 37°C aerobic no 24 h " 2-Feb
4 TSB, pH 8.5 - 37°C aerobic no 24 h " 2-Feb
5 TSB,pH 7.4 - 42°C aerobic no 24 h " 2-Feb
6 TSB,pH 7.4 350mM NaCl 37°C aerobic no 24 h " 1-Jan
7 TSB,pH 7.4 50mM NaNO2 37°C aerobic no 24 h " 1-Jan
8 TSB,pH 7.4 2mM H,0, 37°C aerobic no 24 h " 0/11
9 TSB,pH 7.4 - 37°C aerobic no 7 days " 4-Apr
10 TSB,pH 7.4 - 37°C hypoxic® no 24 h " 0/11
11 LB - 37°C aerobic yes serial plating, 2-72 h® " 0/11
12 SBAP - 37°C aerobic no 3 days " 0/11
13 LB ciprofloxacin 37°C aerobic no stationary phase culture’ " 0/11
14 TSB, pH 7.4 - 37°C aerobic yes 24 h9 6/6" nd

Single colony stocks of each variant were prepared, 21 of Smooth and 17 of Rough. Growth conditions tested for reversion (#1—14) are described in the
Materials and Methods.

PNumber of single colony stocks with revertants to the other type for the total number stocks tested. The mean frequency of reversion to the other type for
each condition ranged from 0.8 to 21% (range of 1-75% in individual tests).

°A total of 17/21 Smooth colony stocks were tested in conditions #1—12 and 14; and a maximum of 13/17 Rough colony stocks were tested in conditions #1—
13. For conditions 2, 3, and 5-7, the one to two stocks of Rough tested switched to Smooth at very low rates (0.1 to 1.3%).

dIncubated in GasPak jar with an anaerobic gas-generating system.

°As described by C. Austin et al., 2015

fSerial plating (0 h—30 h) of stationary phase culture, as described by A. Butt et al., Biochem. J., 2014

9Performed with freshly isolated Smooth revertant from Rough colony stock 1, after the latter had been incubated 7 days at 37°C (condition #9).

"The six Smooth revertants produced Rough variants in condition #14.

doi:10.1371/journal.pone.0171363.t002
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between experiments (Table 2, and data not shown). Reversion of Rough colonies to Smooth
was not observed for six conditions, occurred with low frequency in conditions 2, 3, 6, and 7
(from 0.1 to 1.6% of colonies plated), and occurred more frequently in conditions 4 and 5 (up
to 5.1% and 2.3%, during growth in high pH conditions or at 42°C, respectively). For the latter,
the frequency of Rough to Smooth switching increased to 30.5% when the cultures were incu-
bated for 6 days (42°C). Reversion was detected most often with condition 9 (mean of 20.9%),
but was variable between experiments in both the number of Rough single colony strains that
produced revertants and the percentage of Smooth colonies produced. Condition 9 involved
incubation in TSB without shaking at 37°C for 7 days.

Species identification

Three platforms were used for comparative species identification results for the MSHR5848
variants. In the Biolog GEN III MicroPlate™ system, the Smooth variant was correctly identi-
fied as Bp in two out of three runs at the 36 h time point but was mis-identified as B. thailan-
densis in all three runs at the 48 h time point. Conversely, the identification of the Rough
variant varied among four different species of Burkholderia at the 36 h time point but was iden-
tified correctly as Bp in all three runs at the 48 h time point (Table 1, and data not shown).
Since GENIII identifications are based on carbon source utilization and chemical sensitivities,
these ambiguous results suggested that Smooth and Rough differed significantly in their meta-
bolic characteristics. In general, Smooth was more metabolically active than the Rough variant,
an observation consistent with both the GEN III and Biolog PM phenotyping result (described
below).

The Sherlock MIS and VITEK™ 2 systems correctly identified each variant as Bp with high
confidence calls, according to the manufacturer’s classification. However, on both platforms,
the raw data showed differences between the two variants similar to what was noted in the Bio-
log experiments. In the VITEK™ 2 system, seven substrates were utilized by the Smooth variant
but not used by the Rough variant (D-mannose, D-cellobiose, malonate, D-sorbitol, citrate, D-
maltose, and coumarate) (data not shown). No other differences were observed between the
three strains. Although both MSHR5848 variants were identified correctly as Bp by the Sherlock
MIS system, there were notable peak profile differences between the two variant types (Supple-
mentary Information S3 Table). In some cases, the Smooth variant possessed peaks that the
Rough variant did not, such as the 15:1 w6C and 17:1 w7c peaks. In other cases, the opposite
was true. For example, the profile for the Rough variant included the 18:1 w9C, 17:0 iso 30H
and the 19:1 wéw/w7¢/19cy peaks while the Smooth variant did not. In some instances, while
both colony types possessed a particular peak, such as the 17:0 cyclo and the 18:1 w7c peaks, the
percent contribution of that peak to the overall profile varied considerably. There were also sev-
eral peaks that were present in the same proportion in both variant profiles, such as the 12:0,
13:1 and 14:0 peaks.

Antimicrobial sensitivity testing and biochemical phenotyping

Biolog GENIII microplates. The sensitivities to antimicrobial chemicals were initially
tested in assays with Biolog GEN III microplates, which contain 23 antimicrobial chemicals. In
addition, five chemicals and eight AMPs were evaluated separately in microtiter plate assays.
Inter-experimental variability in Bp responses of the Smooth and Rough variants was
observed, as described generally for Bp strains [12, 13, 21, 22]. The only relatively consistent
differences between Smooth and Rough were in sensitivity to the toxic amino acid D-serine
and the cationic AMP magainin II [53-55]. Smooth was generally more sensitive than Rough
in GENIII tests with D-serine but responses to this chemical did not significantly discriminate
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Table 3. Metabolic profiling of MSHR5848 variants using the 94 GENIII phenotypes®.

Mean threshold values®

Phenotype Smooth Rough
N-Acetyl-D-Glucosamine 93 33.3
N-Acetyl-D-Galactosamine 97 30
D-Mannose 93 7.7
D-Sorbitol 90.7 57
D-Mannitol 93 47.7
Myo-Inositol 96 59.3
Glycerol 95 16
Glycyl-L-Proline 47.7 8.3
L-Arginine 96 4.7
L-Aspartic Acid 92.7 17
L-Pyroglutamic Acid 96.3 8.7
L-Serine 94 41.7
D-Gluconic Acid 95.3 54.3
Citric Acid® 91.7 21.7
a-Keto-Butyric Acid 94 85.7

@A total of 32 substrates (of 71 carbon sources and 23 antimicrobial chemicals) differed between the two
strains in at least 1 of 3 tests done. Included in the table are the 15 substrates which consistently differed
between strains in all 3 tests.

PThe MSHR5848 variants were incubated in GENIII plates on the Omnilog®, and the data were analyzed by
the Retrospect software. The respiratory activity, reported as arbitrary OmniLog units (OU), was normalized
on a 0-100 scale (threshold values), for differences in metabolism for the chemicals. The threshold cut-off
values for each response (“X”) were the following: X < 20 (negative, white), 20 < X < 80 (borderline, light
grey), and X > 80 (positive, dark grey)

°The Rough variant’s values were within 2 units of the cut-off (20) for the threshold negative group.

doi:10.1371/journal.pone.0171363.t003

the variants in the latter phenotype microarray studies. Whereas Smooth was sensitive to bor-
derline in 3/6 assays with magainin II, Rough was resistant (5/6) or borderline (1/6) to the
AMP (data not shown).

The GENIII microplates additionally contain 71 carbon sources. The Smooth variant was
generally more metabolically active than the Rough variant. A total of 32 substrates differed
between the Smooth and Rough variants in at least one of three GENIII tests; and the 15 sub-
strates which consistently differed between strains in all three tests are shown in Table 3. It was
readily apparent that the Smooth variant metabolized a wider range of carbon sources com-
pared to the Rough variant.

Biolog phenotype microarrays. The Biolog Phenotype Microarray ™ system employs 20
microplates with a total of 1,920 substrates. This system is used to characterize isolates and
identify strain differences in their ability to use different compounds as sources of carbon,
nitrogen and phosphorus or sulfur; or in their sensitivity to stressful environmental conditions
such as pH extremes or high salt concentrations; and in their sensitivity to antimicrobial chem-
icals such as antibiotics, detergents, and oxidizing agents. The data generated from these plates
was consistent with the findings from the GEN III experiments. Table 4 lists the substrates pro-
ducing the greatest differences in response between the Smooth and Rough variants. More
detailed lists of the substrates producing significant differences in response between the vari-
ants are provided in S4 Table. Additionally, Fig 2 shows a snapshot of the 48 h kinetic data
across all 20 plates. The Smooth variant is represented in blue while the Rough variant is
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Table 4. Differences in responses of MSHR5848 variants to PM substrates.

A: Smooth
PM Plate No. wells Substrate Class or Mode of Action
1 6 L-Threonine C-Source
Citric Acid C-Source
L-Asparagine C-Source
D-Glucose-1-Phosphate C-Source
D-Galactonic Acid-g-Lactone C-Source
N-Acetyl-D-Glucosamine C-Source
2 3 L-Pyroglutamic Acid C-Source
Putrescine C-Source
D,L Carnitine C-Source
10 2 pH4.5 pH, growth at 4.5
pH 4.5 + L-Methionine pH, decarboxylase
13 1 Thallium (I) acetate toxic cation
14 1 Cadmium Chloride transport, toxic cation
15 1 Guanidine hydrochloride membrane, chaotropic agent
16 3 Chloroxylenol Fungicide, disinfectant
Dichlofluanid fungicide, phenylsulphamide
Potassium Tellurite transport, toxic anion
17 1 Aminotriazole histidine biosynthesis, catalase
18 3 Ketoprofen anti-capsule
2-Phenylphenol DNA intercalator
Tinidazole Mutagen, nitroimidazole
19 2 Umbelliferone DNA intercalator
Thioglycerol reducing agent, thiol, adenosyl methionine antagonist
20 2 Captan fungicide, carbamate, multisite
8-Hydroxyquinoline chelator, lipophilic
B: Rough
PM Plate No. wells Substrate Class or Mode of Action
4 15 L-Methionine S-Source
N-acetyl-D,L Methionine S-Source
L-Cysteine S-Source
D-Methionine S-Source
L-Methionine Sulfoxide S-Source
L-Cysteinyl-Glycine S-Source
Glycyl-L-Methionine S-Source
Glutathione S-Source
Cystathionine S-Source
Lanthionine S-Source
D-Cysteine S-Source
Thiophosphate S-Source
Dithiophosphate S-Source
L-Djenkolic Acid S-Source
D,L-Ethionine S-Source
7 5 tryptophan-Asp N-source, dipeptide

tryptophan-tyrosine

N-source, dipeptide

tryptophan-phenylalanine

N-source, dipeptide

phenylalanine-tryptophan

N-source, dipeptide

(Continued)
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Table 4. (Continued)

phenylalanine-Serine N-source, dipeptide
15 1 Domiphen bromide membrane, detergent, cationic, fungicide
17 1 Phenylarsine Oxide tyrosine phosphatase
19 3 lodonitro Tetrazolium Violet respiration

Coumarin DNA intercalator

Harmane imidazoline binding sites, agonist

doi:10.1371/journal.pone.0171363.1004

represented by red. The gray portion of the curve represents the overlap, where the response
was the same between the two variants. As shown by the greater number of blue curves, the
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Fig 2. Phenotypic microarray data. The 20 PM plates are used to identify strain differences in ability to metabolize different sources of
carbon, nitrogen, phosphorus or sulfur; or differences in sensitivity to antimicrobial conditions. Kinetic data were collected every 15 min for 48
h and the variant curves were compared, as shown. Gray: overlapping activity; blue area: greater Smooth response; and red area: greater
Rough activity.

doi:10.1371/journal.pone.0171363.g002
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Smooth variant was generally more metabolically active than the Rough variant and produced
greater responses overall across all 20 plates compared to the Rough variant. The greatest dif-
ferences were observed in metabolic pathway assays (plates 1-4 in Fig 2), specifically in the car-
bon source plates, though also in resistance to certain stress conditions, e.g., low pH and toxic
ions (Table 4A). It should be noted that although the variants differed in growth rate, as
described above, the PM platform measures cellular metabolism (respiration) and not the
increase in cell numbers and biomass. When a strain stops multiplying or even fails to grow, it
may continue to metabolize the substrate. To further examine the association between growth
rate and respiration activity, PM plates were inoculated and incubated with Smooth and
Rough variants and absorbance readings were measured for comparison to the previous PM
results. The Smooth and Rough turbidity data agreed with the relative metabolic activities for
the carbon, sulfur, and dipeptide nitrogen substrates shown in Table 4, suggesting that the dif-
ferential metabolism by the variants was not significantly impacted by growth rate differences.
While the responses of Rough overall were relatively low, this variant clearly outperformed
the Smooth variant in the presence of sulfur sources and aromatic amino acid-containing
nitrogen sources (plates 4, 6, and 7 in Fig 2, Table 4B, and S4 Table). Interestingly, none of the
substrates in plate 5 (nutrient supplements) supported metabolism in either variant. Though
less apparent than the metabolic substrate differences, the Smooth variant generally outper-
formed the Rough variant in the chemical sensitivity assays (plates 11-20 in Fig 2, Table 4, and
S4 Table) with possible greater resistance to certain inhibitory conditions such as pH and anti-
microbial substrates including potassium tellurite (reactive oxygen inducer); membrane-,
DNA-, and chemically-active substances; and toxic charged molecules and microbicides. Thus
these data suggest that the Smooth variant is more adaptable to a broader range of metabolic
input but in the presence of inhibitors or stressors, the two variants often behave similarly.

Phenotyping of LPS O polysaccharides

Purified LPS samples from the Smooth and Rough variants of MSHR5848 were separated by
SDS-PAGE and probed with monoclonal antibody 11G3-1, which is specific for Bp LPS.
Smooth and Rough appeared to be identical in their LPS O polysaccharide (OPS) banding,
with a range higher than that of the typical type A LPS banding pattern, as illustrated for Bp
strain 1106a (Fig 3). We previously described three subtypes for Bp type A LPS based on band-
ing pattern range [8], and the LPS of the two MSHR5848 variants can be classified as A3,
which signifies the highest range for the subtypes. This A3 banding pattern was also observed
for the two variants using a variety of other monoclonal antibodies specific for Burkholderia
LPS, as well as by silver staining (data not shown). Interestingly, monoclonal antibody 9D5
was unable to recognize LPS from either Smooth or Rough, suggesting that both of these phe-
notypic variants have OPS structures that differ from typical type A strains. This antibody is
specific for a unique conformational epitope found on OPS from typical type A Bp strains, and
the absence of binding indicates alteration of the OPS acetyl and methyl substitution pattern
for both variants [22].

Persister phenotype

As demonstrated for various bacteria, the Burkholderia are thought to produce persister cells
which may be a reservoir for chronic infections. These phenotypically altered forms can remain
viable in the presence of adverse conditions such those present in the macrophage phagolyso-
some. In assays performed as described previously [41], both the Smooth and Rough variants
appeared to produce antibiotic tolerant cells to a comparable extent in cultures treated with
ciprofloxacin after they entered early stationary phase but not in those initially exposed to the
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Fig 3. Western blot of LPS from Bp strains. Purified LPS from MSHR5848 Smooth and Rough, and Bp
strain 11062, were separated by SDS-PAGE and a western blot was done using monoclonal antibody (mAb)
11G3-1, specific for Bp LPS O polysaccharide (OPS). Unlike the typical Type A banding pattern of most Bp
strains (1106a), the variants displayed identical higher molecular weight patterns.

doi:10.1371/journal.pone.0171363.g003

antibiotic at early log stage (S1 Fig). These data suggested that persister cell formation, as gener-
ated in this model system, might not be a phenotype controlled by the variant switching mecha-
nism in MSHR5848.

Molecular genetic analysis

Comparisons of the restriction digest patterns for the Smooth and Rough variants showed that
the ribosomal RNA of MSHR5848 was conserved in the variants (data not shown). Similarly,
the sequence type (ST) using the Bp MLST scheme [51] derived from seven housekeeping
genes was 553 for both variants (data not shown). This ST is consistent with that obtained else-
where for the strain MSHR5848, according to the mlst.net database.

Using high-throughput, single-molecule sequencing (PacBio) we assembled complete
genomes from DNA extracted from broth cultures grown from single colonies of Smooth
and Rough. The two assemblies were nearly identical in length (chromosome 1: 4,054,192-
4,054,259 bp; chromosome 2: 3,236,690 bp) and exhibited perfect synteny (i.e., no large-

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 19/32



o ®
@ : PLOS | SINE Burkholderia pseudomallei strain variants characterization

scale rearrangements or deletions) with each other and with the MSHR5848 reference
assembly (chromosome 1: 4,054,219 bp; chromosome 2: 3,236,215 bp) [56]. Analysis of
deep sequencing data (Illumina) from the broth cultures and the colony picks identified
only a single genetic difference that was consistent between the two types: the presence of
three bases in Smooth that were absent in Rough (an indel). These bases were missing in all
of the reads obtained from the Rough broth cultures and colony picks (243x and 66x
sequencing depth, respectively); but they were present at 94% frequency in the Smooth
broth culture (181x) and in all of the reads from the Smooth colony picks (37x). This differ-
ence was also confirmed via PCR amplification and Sanger sequencing of five indepen-
dently derived single colony stocks, each of Smooth and Rough morphotype. The three
differentiating bases, TAT, correspond to MSHR5848 chromosome 2 positions 401,708
401,710, as illustrated in Fig 4. This indel occurs at the 3’ end of the predicted open reading
frame for a hypothetical protein, DP65_RS19870 (GenBank: WP_038760828.1), but does
not result in any changes to the predicted length or amino acid sequence for this protein.
Notably, this indel is only 11 bp upstream from, and therefore potentially within a promoter
region for, a protein annotated as a putative lipoprotein [DP65_RS19865/DP65_3853 (pre-
viously D65_3853), GenBank: WP_038760831.1] and exhibits 96% nucleotide identity to a
hypothetical protein encoded on the genome of Burkholderia phage phiE12-2 (Genbank
accession CP000624).

Infection of macrophages and mice

The ability of the Smooth and Rough variants to infect, survive in and induce cytotoxicity for
J774.A1 macrophages was determined. Smooth was phagocytosed to an almost five-fold
greater extent than Rough, as shown by the viable counts collected after the 1 h uptake and 2 h
antibiotic treatment incubations (Fig 5). The viable counts recovered from Smooth-infected
cells at all three time points, to include the final 8 h samples, were greater than those from
Rough-infected macrophages (p < 0.0001). In addition, as shown in Table 5, the Smooth vari-
ant was more cytotoxic for the cells; Smooth induced more cell death and cell detachment/loss
from wells than did Rough, and was associated with a greater extent of MNGC formation, as
evidenced by the larger proportion of MNGCs and the greater mean number of nuclei within
the MNGCs. The greater cytotoxicity and cell loss associated with Smooth suggests that the 8 h
viable counts likely underestimated the extent of the intracellular replication by Smooth.

The virulence of the variants was compared using BALB/c mice challenged by the IP route,
a model useful for Burkholderia strain comparisons [8]. Both the day 21 and day 60 LDs,
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L s | L w I A W L P L A K E K R K M * IR L | L R R R A L K A L L P

Rough GAGCGAAATCAACCAAATCGCCCAGAGCGGCAGCGCCTTCTCCTTCCTTTTCATCTGCTCTCCTAT|- - [CGCAGAATCAACCGACGCCGCGCAAGCTTCGCGAGCAGTGG
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Fig 4. Comparison of the MSHR5848 variants to identify WGS differences. Consensus sequences for Smooth and Rough were aligned
to identify significant sequence variations. A three base sequence (TAT) located on MSHR5848 chromosome 2 positions 401,708—-401,710,
was present in the Smooth but not in the Rough WGS (orange box). The indel is within the presumed promotor region of a gene annotated as
a putative lipoprotein (DP65_RS19865/DP65_3853) and nearly identical to a hypothetical protein encoded on the genome of Burkholderia
bacteriophage phiE12-2.

doi:10.1371/journal.pone.0171363.9004
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Fig 5. Infection of J774.A1 macrophage cultures with the Smooth and Rough variants of Bp
MSHR5848. The MOls were 19.4 and 19.1, respectively. The MSHR5848 Smooth was phagocytosed to an
almost fivefold greater extent than the MSHR5848 Rough strain, as shown by the 3 h viable counts. The
counts recovered from Smooth-infected cells at all three time point were greater than those from Rough-
infected macrophages (p < 0.0001).

doi:10.1371/journal.pone.0171363.9005
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values for the Rough variant were about tenfold less than those of the Smooth variant, and the
day 21 values were significantly different with a probability > 95% by Bayesian probit analysis
(Table 6). The greater decline in survival of mice infected with Rough compared to Smooth is
illustrated in Fig 6. Also, at day 21, Rough exhibited greater potency at all doses associated
with lethal rates ranging from 23% to 92% mortality, with a probability of > 95%, as shown in
S2 Fig. Although the lower day 60 LDs, of Rough was not significantly different from that of
Smooth, Rough exhibited significantly greater potency at all doses associated with lethal rates
ranging from 79% to 93% mortality with a probability of > 95% (data not shown).

Discussion

The initial objective of this study was to phenotypically and genotypically characterize the
major variants of MSHR5848. Our major goal is to determine the mechanism of variant
expression and the role of this phenomenon in disease pathogenesis. We hypothesized that the
variants may provide a model for identifying in vitro functions associated with different stages
of an evolving infection.

The MSHR5848 Smooth and Rough variants differed in numerous phenotypes to include
colony/cell morphology, biochemical sensitivity or utilization, macrophage survival and activ-
ity, and animal virulence. Both variants were present in the source vial although in different
proportions yet both were relatively stable when passaged individually under routine labora-
tory conditions for the preparation of single colony isolated stocks. Nevertheless, both Smooth

Table 5. Cytotoxicity of the Smooth and Rough variants of Bp MSHR5848 in J774.A1 macrophage
cultures.

MNGC or necrotic MNGC
Variant % cell loss % cells dead (TB)? cells (% of total)® nuclei (%)°
Smooth 75 75 17.7 67.2
Rough 15 12.5 3.6 14.5

2TB: determined by trypan blue staining and does not include unstained necrotic (dead) cells.
bThe extensive cell loss induced by the Smooth infection minimized the significance of these values.

doi:10.1371/journal.pone.0171363.t005
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Table 6. Comparison of relative virulence for mice of strains derived from Bp MSHR5848.

Day 212 Day 60°
95% Credible Interval 95% Credible Interval
Variant Dose, CFU Lower Upper Dose, CFU Lower Upper
Smooth 5.18x10° 1.67 x10° 1.7 x10* 1.12x102 3.58 8.98 x 10?
Rough 4.69x 10%° 1.38x 102 1.42x10° 15.1° 0.01 1.51x 102

3BALB/c mice were challenged by the IP route with the Smooth or Rough variant of B. pseudomallei MSHR5848, and the mice were monitored for morbidity
and mortality for 60 days. The day 21 and 60 survival data were evaluated statistically to determine LDs, values and compare virulence potencies by using
Bayesian probit analysis as described in the methods.

PBoth the day 21 and day 60 LDs, values of Rough were approximately tenfold less than that of Smooth; and the day 21 LDs, values were significantly
different with a probability > 95% by Bayesian probit analysis.

doi:10.1371/journal.pone.0171363.t006

and Rough were capable of reverting to the alternate morphotype under certain conditions,
albeit in a stochastic manner. The Rough variant reverted more frequently overall and after
exposure to a wider range of stressful in vitro conditions than did the Smooth variant. Rever-
sion of the latter was only observed with Smooth variants freshly isolated from a Rough single
colony stock incubated under one condition. This disparity in the extent and randomness of
variant switching is a common finding reported previously for Bp, as described below.
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Fig 6. Comparison of the virulence of variants Smooth and Rough in a mouse infection model. BALB/c
mice were challenged IP with five ten-fold dilutions of Smooth (panel A) or Rough (panel B), as described
previously [11]. The decline in numbers of mice surviving with time for each dose group (10 mice/group) is
shown. Infection with Rough was associated with more lethality/morbidity and a faster loss of survival than
infection with Smooth.

doi:10.1371/journal.pone.0171363.9006
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The production of distinct morphological variants by strains of Bp is well-established, and the
activity of MSHR5848 appears to be a modification of this phenomenon. For example, the rough
variant described by Nicholls [23] was present in much greater proportion than the mucoid vari-
ant, in agreement with the greater proportion of Rough to Smooth variants in the MSHR5848
source vial and seed stocks. However, we observed greater stability and a lower incidence of
switching than reported previously [23] for both Smooth and Rough grown under typical labora-
tory conditions.

The rough morphotype I described by Chantratita and colleagues [12] appeared to be the
parent from which the others originated in vivo and in vitro in response to stressful conditions.
Despite strain heterogeneity, evidence from the previous work and our studies with MSHR5848
support the idea that different colony morphotypes may reflect adaptive changes that enhance
fitness in a particular environment [12, 13]. As shown previously, [21], Bp strain K96243 pro-
duced colony variants which differed in morphology and in their extent of growth in low oxy-
gen or acidic environments, despite being genetically identical. The variants of both the K96243
and MSHR5848 strains were relatively stable but could switch morphotypes at a stochastic rate,
exhibited variant-dependent production of extracellular DNA, and survived differentially in
vivo [21]. Only one of the K96243 types, albeit attenuated, could persist in the harsh conditions
of the murine stomach and colonize the mucosa. Similarly, MSHR5848 Smooth was less viru-
lent than Rough for mice but Smooth exhibited greater resistance to adverse conditions, e.g.,
the macrophage environment and inhibitory chemicals. Thus survival in a defined niche such
as the gastric mucosa or splenic macrophages may not necessarily be predictive of animal sur-
vival. Wikraiphat et al. described mucoid (M) and nonmucoid (NM) variants of clinical isolates
which exhibited antigenically different OPS [22]. Switching from NM to M occurred for more
pairs and under a larger variety of in vitro growth conditions than the reverse, similar to the
findings with MSHR5848 variants. Furthermore, a greater extent of phagocytosis by macro-
phages was associated with M compared to NM, again similar to the MSHR5848 variants.
Finally, Gierok and coworkers isolated several colony morphotypes from two Bp strains after
their extended growth under nutrient starvation conditions. The morphotypes varied metaboli-
cally in nutrient uptake and secretion and in recovery from infected macrophage cultures and
from the lungs of infected mice. Interestingly, for at least one of the strains, passage of the vari-
ants in macrophages and in mice selected for isolates all having the same morphotype and simi-
lar metabolic profiles [14]. This infection-induced reduction in variant types supports the role
of environmental stressors in conversion to a maximally fit variant(s) [9, 12-14, 21].

There are several possibilities which could potentially explain the basis for the Smooth, in
contrast to Rough, colony morphologies of MSHR5848. A role for OPS modifications, as
described previously [26], is unlikely since Smooth and Rough produce antigenically identical
OPS and antibody 9D5 was unable to recognize OPS from either variant [22]. Secondly, a role
for the Bp polysaccharide capsule (CPS) is possible. The CPS expressed by human Bp isolates is
surface-associated, a proven virulence factor, and induces protective anti-CPS antibodies [57-
62]. Thirdly, as will be discussed, the mechanism driving MSHR5848 colony morphology could
be similar to that which influences the strain K96243 variant phenotypes described previously
[21]. The MSHR5848 variant differences in LPS, CPS, and DNA secretion are being further
characterized in efforts to better understand the basis of their distinct colony morphologies.

Although the phenotype reversion of MSHR5848 appeared to generally resemble the behav-
ior described previously for other Bp strains, it was accompanied by alterations in a more
diverse array of phenotypes than reported previously [19, [14, 21, 22]. The broad and pleiotro-
pic nature of the phenotypes impacted by MSHR5848 variant switching suggests a role for a
master regulator with global control over multiple genes. The complex nature of the in vivo
niches for Bp poses challenges in efforts to interpret in vivo significances of the in vitro
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responses. Nevertheless, metabolic responses appear to be involved in pathogen niche adapta-
tion and virulence [24, 38, 63, 64]. To exemplify this concept, the ability of the Smooth variant
to utilize a greater diversity of carbon sources may lead to an initial growth advantage when
exposed to nutrient-rich niches, such as the infected lung. For instance, the Smooth variant
preferentially used the compounds putrescine and carnitine. Such polyamines are widely dis-
tributed, are essential for normal growth of prokaryotic and eukaryotic cells, and play impor-
tant roles in protection from osmotic and temperature extremes [65-67]. Such activity might
also contribute to the greater resistance of Smooth to inhibitory substrates, as discussed below.

Despite a possible initial growth advantage of the Smooth variant in nutrient-rich niches,
bacterial adaptation and deregulation of redundant carbon source utilization could lead to loss
of metabolic pathways not required for growth in exchange for the expression of virulence fac-
tors required for enhanced persistence and virulence [9, 26, 34]. Interestingly, the less metabol-
ically active Rough (as shown in Fig 2 and S4 Table) was more virulent than Smooth.

The Rough variant clearly outperformed Smooth in sole dipeptide nitrogen and sulfur
source utilization. The capacity to import and utilize small peptides is common in many bacte-
ria [68], in which they can serve as nitrogen and carbon sources in nutrient-poor environ-
ments. The host cell is limiting for free amino acids but has other molecules which can be
degraded, producing oligopeptides as amino acid sources [38, 63, 69-75]. Since Rough prefer-
entially utilized 16 dipeptides, it might be especially efficient in their uptake or use [76, 77].
The Rough variant was especially active in its respiration of dipeptide substrates containing
aromatic amino acids, e.g., tryptophan, phenylalanine, and/or tyrosine. These molecules play
significant roles in the biosynthesis and activity of microbial siderophores, which are essential
for bacterial survival in the iron-limiting conditions in the host [2, 38] [78]. The pathogenic
Burkholderia have multiple siderophore and hemin/hemoglobin uptake and utilization sys-
tems [79-84]. The more efficient mobilization of such systems by Rough might allow it to bet-
ter utilize aromatic amino acid-containing substrates to promote its survival.

Sulfur and sulfur-containing compounds are essential for in vivo growth and persistence of
Bp, but they and other essential nutrients vary greatly in availability depending on the niche
and inflammatory response-induced adverse conditions such as hypoxia and acidity [13, 62,
63, 85-88]. The retrieval of amino acids scavenged from host-degraded protein is a critical
pathogen adaptive response. This is especially important for amino acids which are essential
but relatively scarce, such as cysteine [63]. Thus, the enhanced capacity of Rough to utilize a
variety of peptide and cysteine sources such as glutathione (GSH) and related thiols (Table 4B
and S4 Table) could promote its survival in amino acid and sulfur limiting environments.
Wong et al. showed that intracellular Bp can sense GSH through its type six secretion system
(T6SS) membrane histidine sensor kinase VirA as a signal to upregulate virulence genes [89].
After Bp escape from the phagolysosome, the T6SS is activated and mediates cell fusion, inter-
cellular spreading and MNGC formation. The conversion of methionine to cysteine is a key
early step in thiol synthesis in host cells. This finding suggests that Rough might be able to
facilitate this virulence-promoting process. Finally, the high concentrations of N- and O-reac-
tive species often generated in host oxidative responses to infection can induce changes such
as the oxidation of thiosulfate to tetrathionate [24]. Tetrathionate inhibits growth of many
Gram-negative bacteria, although certain pathogens can use tetrathionate as an energy source
[24, 63]. Similarly, Rough was more metabolically active than Smooth for tetrathionate and
thiosulfate substrates (54 Table). However, these thiols might conversely represent stressors
which can induce Rough to revert to the less responsive Smooth. In circumstances where vari-
ous S sources are available, Smooth might thus compete better than Rough for the available
carbon (Table 4A and S4 Table) [90, 91].
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To examine the potential roles these substrates have in morphotype reversion, preliminary
studies were done to assess the extent to which growth in the presence of selected PM sub-
strates promoted variant phenotypic switching. Rough was capable of reverting to Smooth in
the presence of thiols as the sole sulfur sources (cystathionine, lanthionine, and glutathione),
and Smooth reversion to Rough was rare and only observed in one incubation with cystathio-
nine. Thus, both variants were capable of reversion in vitro, and it suggested that exposure to
environments limited in specific nutrients might stimulate variant switching in vivo.

The responses of the variants to the antimicrobial compounds and conditions tested in PM
plates 9-20 suggested an overall more extensive resistance of Smooth compared to Rough. A
total of 50 of the 59 substrates that Smooth preferentially metabolized or resisted were inhibi-
tory compounds or conditions. In contrast, only 13 of the 47 compounds to which Rough had
a stronger response than Smooth were inhibitors. Hence, Smooth was more metabolically
active under low pH conditions than Rough, resembling the greater reported persistence of the
K96243 yellow variant (compared to the white) in the acidic conditions of the murine gastric
mucosa [21]. Although Smooth was reduced in systemic virulence compared to Rough (resem-
bling the K96243 variants), the greater resistance of Smooth to toxic host conditions may par-
tially explain its greater infectivity and cytotoxicity in a macrophage model. Bp often localizes to
the host macrophage where it must be able to resist the antimicrobial substances (e.g., AMPs
and free radicals) which comprise the phagolysosomal defenses [13, 62, 85-88].

The inhibitor potassium tellurite is toxic to bacteria due to the generation of superoxide
radicals and oxidative stress [92, 93]. Maintenance of the critical cell oxidation-reduction bal-
ance is achieved by reduced environment sulfur sources, especially GSH [93-95]. Little is
known about the mechanisms of resistance to tellurite [92], but Smooth may express a mecha-
nism conferring greater resistance to tellurite compared to Rough. Smooth also exhibited
greater metabolic activity in the presence of various other antimicrobial cations, anions, muta-
gens, chelators, and reducing agents which may model exposure to adverse host environments
(Table 4A). For example, thallium acetate and cadmium chloride are toxic cations which sup-
press growth of many organisms, and hydroxyquinolone is a strong chelator for metals such as
iron and metals necessary for the catalysis of DNA biosynthesis [96, 97]. The compound chlor-
oxylenol has disinfectant activity which elicited a more resistant response by Smooth compared
to Rough. In studies to assess variant reversion, Smooth initiated growth but was susceptible to
chloroxylenol-mediated killing and showed a variable but high degree of reversion (50%) to
Rough. Although the Rough cells were inhibited in growth, revertants were not observed and
the inoculum remained viable. Thus, perhaps the stress imposed by the chemical induced rever-
sion of Smooth to Rough at a high rate. Studies are needed to identify the basis of resistance to
these inhibitors and the role of Bp metabolic and resistance differences in pathogenesis.

The collective substrate utilization and antimicrobial sensitivity data therefore suggests that
Smooth might grow initially to a greater extent than Rough in harsh environments such as the
host phagolysosome. Nevertheless, residence in the phagolysosome is a transient phase in
phagocyte infection for Bp, which can then escape to the cytoplasm where they mobilize actin,
spread to other cells, and facilitate MNGC formation. Such functions are perhaps better car-
ried out by Rough. Although in vitro responses cannot be directly translated to in vivo growth
or virulence, the examples described here support the concept that pathogens adapt metaboli-
cally to environmental niches which differ in available metabolic substrates and in antibacterial
activitiy in a manner allowing them to evolve during infection. The interactions might result
in either chronic persistence or increased virulence of the bacteria [24, 26, 27, 34, 38].

The cell culture and murine infection models provided further evidence that phenotypic
variation of MSHR5848 may impact infection. In contrast to the reduced virulence of Smooth
compared to Rough for mice, Smooth replicated to a greater extent and was more cytotoxic for
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macrophages than Rough. These observations agree with the inverse relationship between in
vitro macrophage and in vivo virulence observed for several Bp strains [8].

The molecular mechanism of MSHR5848 phenotypic variation is unknown, but the broad
and reversible nature of the phenotypes impacted by switching suggests the involvement of a
master regulatory locus or loci with global control over numerous genes. Whole genome com-
parisons of Smooth and Rough confirmed that they are genetically conserved, and sequencing
revealed only one consistent genetic difference between Smooth and Rough: three bases that are
present in Smooth and absent in Rough. This indel potentially disrupts the promoter region for
a gene annotated as a hypothetical, potentially transmembrane, lipoprotein (software tools
Ensembl Bacteria release 23-EMBL-EBI and TMHMM) on MSHR5848 chromosome 2. Fur-
thermore, this protein sequence was found to be nearly identical to that of an ORF (hypothetical
protein gp19) in the complete phage genome of Burkholderia phage phiE12-2 [98]. However,
the original source and significance of this finding are unknown. To further clarify the results,
transcriptomic and mutational analyses are being pursued to evaluate the potential significance
of variant sequence differences on the phenotypic diversity of MSHR5848.

A transcriptional regulator controlling colony color variation (yelR) was identified in the stud-
ies of Austin et al. [21]; however, it is not known whether this gene or other mechanism controls
expression of the other phenotypes described for K96243. It was hypothesized that a master regu-
lator, in the form of a bistable switch, may be involved in the regulation of the K96243 phenotypes,
as described by Dubnau et al. [21, 99]. Although the mechanism(s) responsible for Bp phenotypic
diversity are undefined, the production of variants with multiple reversible phenotypes in the
presence of environmental stressors suggests that post-transcriptional or -translational events are
the immediate inducers of the reverting phenotypes described previously for Bp [12, 14, 20, 22,
35]. As a result, additional research on the basis and importance of Burkholderia phenotypic plas-
ticity is clearly warranted.

Supporting information
S1 Fig. Persister phenotype of MSHR5848.
(TIF)

S2 Fig. Comparison of Smooth and Rough virulence in mice.

(TIF)

S1 Table. MSHR5848 colony morphologies in original, seed and production stocks: Sum-
mary.

(DOCX)

$2 Table. Variants derived from BURK178 seed and production stock morphotypes: Sum-
mary.

(DOCX)

§3 Table. Responses of MSHR5848 variants to selected MIS fatty acid peaks.
(DOCX)

S4 Table. PM substrates by difference value.
(XLSX)

Acknowledgments

We thank David DeShazer and LTC Fabrice Biot for their valuable comments and review
of this manuscript, and Barry Bochner for his expert advice on the phenotypic microarray

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 26/32


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171363.s006

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

technology. We would also like to thank Narisara Chantratita from Mahidol University for
providing monoclonal antibody 9D5, David Waag and Sylvia Trevino from USAMRIID for
monoclonal antibody 11G3-1, Shyh-Ching Lo from the FDA for providing a number of the
other monoclonal antibodies specific for Burkholderia LPS, Tim Minogue for his expertise
with genome analyses, and Lorraine Farinick for excellent computer graphics assistance. Opin-
ions, interpretations, conclusions, and recommendations are those of the authors and are not
necessarily endorsed by the U.S. Army.

Author Contributions

Conceptualization: SLW AAS PLW JAB.

Data curation: SLW AAS RCB DPF JTL JWK DAR SJK.
Formal analysis: AAS RCB DPF SJK JTL JWK.

Funding acquisition: PLW GFP.

Investigation: SLW AAS RCB CKC CJC RGT CPK GIK SPL.
Methodology: SLW AAS JWK JTL JAB.

Project administration: SLW AAS.

Resources: JAB DPF JWK SJK RGT JTL SPL GFP MJW.
Software: AAS DPF SJK JTL.

Supervision: SLW PLW JTL.

Validation: DPF SJK SLW AAS.

Visualization: SLW AAS RCB CKC JTL JWK SJK.

Writing - original draft: SLW.

Writing - review & editing: SLW AAS RCB CKC JTL DPF.

References

1. Limmathurotsakul D, Golding N, Dance D, Messina JP, Pigott DM, Moyes CL, et al. Predicted global
distribution of Burkholderia pseudomallei and burden of melioidosis. Nature Microbiology. 2016; 1:1-5.
Epub 01-11-2016.

2. Wiersinga WJ, Currie BJ, Peacock SJ. Melioidosis. N Engl J Med. 2012; 367(11):1035—44. doi: 10.
1056/NEJMra1204699 PMID: 22970946

3. Dance D. Treatment and prophylaxis of melioidosis. Int J Antimicrob Agents. 2014; 43(4):310-8.
PubMed Central PMCID: PMC4236584. doi: 10.1016/j.ijantimicag.2014.01.005 PMID: 24613038

4. Dance DA, Wuthiekanun V, Chaowagul W, Suputtamongkol Y, White NJ. Development of resistance to
ceftazidime and co-amoxiclav in Pseudomonas pseudomallei. J Antimicrob Chemother. 1991; 28
(2):321—4. PMID: 1723404

5. Currie BJ, Fisher DA, Anstey NM, Jacups SP. Melioidosis: acute and chronic disease, relapse and re-
activation. Trans R Soc Trop Med Hyg. 2000; 94(3):301—4. PMID: 10975006

6. Currie BJ, Ward L, Cheng AC. The epidemiology and clinical spectrum of melioidosis: 540 cases from
the 20 year Darwin prospective study. PLoS Negl Trop Dis. 2010; 4(11):e900. PubMed Central PMCID:
PMC2994918. doi: 10.1371/journal.pntd.0000900 PMID: 21152057

7. Galyov EE, Brett PJ, DeShazer D. Molecular insights into Burkholderia pseudomallei and Burkholderia
mallei pathogenesis. Annu Rev Microbiol. 2010; 64:495-517. doi: 10.1146/annurev.micro.112408.
134030 PMID: 20528691

8. Welkos SL, Klimko CP, Kern SJ, Bearss JJ, Bozue JA, Bernhards RC, et al. Characterization of Bur-
kholderia pseudomallei strains using a murine intraperitoneal infection model and in vitro

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 27/32


http://dx.doi.org/10.1056/NEJMra1204699
http://dx.doi.org/10.1056/NEJMra1204699
http://www.ncbi.nlm.nih.gov/pubmed/22970946
http://dx.doi.org/10.1016/j.ijantimicag.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24613038
http://www.ncbi.nlm.nih.gov/pubmed/1723404
http://www.ncbi.nlm.nih.gov/pubmed/10975006
http://dx.doi.org/10.1371/journal.pntd.0000900
http://www.ncbi.nlm.nih.gov/pubmed/21152057
http://dx.doi.org/10.1146/annurev.micro.112408.134030
http://dx.doi.org/10.1146/annurev.micro.112408.134030
http://www.ncbi.nlm.nih.gov/pubmed/20528691

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

macrophageassays. PloS One. 2015; 10(4):e0124667. PubMed Central PMCID: PMC4409376. doi:
10.1371/journal.pone.0124667 PMID: 25909629

Vial L, Groleau MC, Lamarche MG, Filion G, Castonguay-Vanier J, Dekimpe V, et al. Phase variation
has a role in Burkholderia ambifaria niche adaptation. ISME J. 2010; 4(1):49-60. doi: 10.1038/isme;.
2009.95 PMID: 19710710

van der Woude MW, Baumler AJ. Phase and antigenic variation in bacteria. Clin Microbiol Rev. 2004;
17(3):581-611, table of contents. PubMed Central PMCID: PMC452554. doi: 10.1128/CMR.17.3.581-
611.2004 PMID: 15258095

Wisniewski-Dye F, Vial L. Phase and antigenic variation mediated by genome modifications. Antonie
Van Leeuwenhoek. 2008; 94(4):493-515. doi: 10.1007/s10482-008-9267-6 PMID: 18663597

Chantratita N, Wuthiekanun V, Boonbumrung K, Tiyawisutsri R, Vesaratchavest M, Limmathurotsakul
D, et al. Biological relevance of colony morphology and phenotypic switching by Burkholderia pseudo-
mallei. J Bacteriol. 2007; 189(3):807—17. PubMed Central PMCID: PMC1797308. doi: 10.1128/JB.
01258-06 PMID: 17114252

Tandhavanant S, Thanwisai A, Limmathurotsakul D, Korbsrisate S, Day NP, Peacock SJ, et al. Effect
of colony morphology variation of Burkholderia pseudomallei on intracellular survival and resistance to
antimicrobial environments in human macrophages in vitro. BMC Microbiol. 2010; 10:303. PubMed
Central PMCID: PMC3014917. doi: 10.1186/1471-2180-10-303 PMID: 21114871

Gierok P, Kohler C, Steinmetz |, Lalk M. Burkholderia pseudomallei colony morphotypes show a syn-
chronized metabolic pattern after acute infection. PLoS Negl Trop Dis. 2016; 10(3):e0004483. PubMed
Central PMCID: PMC4778764. doi: 10.1371/journal.pntd.0004483 PMID: 26943908

Stanton AT, Fletcher W, Kanagarayer K. Two Cases of Melioidosis. J Hyg (Lond). 1924; 23(3):268-76
7. PubMed Central PMCID: PMC2167638.

Nicholls L, Cantab BC. Melioidosis with special reference to the dissociation of Bacillus whittori. Brit J
Exptl Pathol 1930; X1:393-9.

Rogul M, Carr SR. Variable ammonia production among smooth and rough strains of Pseudomonas
pseudomallei: resemblance to bacteriocin production. J Bacteriol. 1972; 112(1):372-80. PubMed Cen-
tral PMCID: PMC251420. PMID: 4562401

White NJ. Melioidosis. Lancet. 2003; 361(9370):1715-22. PMID: 12767750

Deitsch KW, Lukehart SA, Stringer JR. Common strategies for antigenic variation by bacterial, fungal
and protozoan pathogens. Nat Rev Microbiol. 2009; 7(7):493-503. PubMed Central PMCID:
PMC3676878. doi: 10.1038/nrmicro2145 PMID: 19503065

Velapatino B, Limmathurotsakul D, Peacock SJ, Speert DP. Identification of differentially expressed
proteins from Burkholderia pseudomalleiisolated during primary and relapsing melioidosis. Microbes
Infect. 2012; 14(4):335—40. doi: 10.1016/j.micinf.2011.11.011 PMID: 22172334

Austin CR, Goodyear AW, Bartek IL, Stewart A, Sutherland MD, Silva EB, et al. A Burkholderia pseudo-
mallei colony variant necessary for gastric colonization. mBio. 2015; 6(1). PubMed Central PMCID:
PMC4324314.

Wikraiphat C, Saiprom N, Tandhavanant S, Heiss C, Azadi P, Wongsuvan G, et al. Colony morphology
variation of Burkholderia pseudomalleiis associated with antigenic variation and O-polysaccharide
maodification. Infect Immun. 2015; 83(5):2127—-38. PubMed Central PMCID: PMC4399047. doi: 10.
1128/IA1.02785-14 PMID: 25776750

Nicholls L, Cantab BC. Meliolidosis with special reference to the dissociation of Bacillus whittmori. Brit J
Exptl Pathol. 1930; XI:393-9.

Rohmer L, Hocquet D, Miller SI. Are pathogenic bacteria just looking for food? Metabolism and microbial
pathogenesis. Trends Microbiol. 2011; 19(7):341-8. PubMed Central PMCID: PMC3130110. doi: 10.
1016/j.tim.2011.04.003 PMID: 21600774

Ferenci T. Maintaining a healthy SPANC balance through regulatory and mutational adaptation. Mole
Microbiol. 2005; 57(1):1-8.

Cullen L, McClean S. Bacterial adaptation during chronic respiratory infections. Pathogens. 2015; 4
(1):66—89. PubMed Central PMCID: PMC4384073. doi: 10.3390/pathogens4010066 PMID: 25738646

Lieberman TD, Michel JB, Aingaran M, Potter-Bynoe G, Roux D, Davis MR Jr., et al. Parallel bacterial
evolution within multiple patients identifies candidate pathogenicity genes. Nat Genet. 2011; 43
(12):1275-80. PubMed Central PMCID: PMC3245322. doi: 10.1038/ng.997 PMID: 22081229

Traverse CC, Mayo-Smith LM, Poltak SR, Cooper VS. Tangled bank of experimentally evolved Burkhol-
deria biofilms reflects selection during chronic infections. Proceedings of the National Academy of Sci-
ences of the United States of America. 2013; 110(3):E250-9. PubMed Central PMCID: PMC3549113.
doi: 10.1073/pnas. 1207025110 PMID: 23271804

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 28/32


http://dx.doi.org/10.1371/journal.pone.0124667
http://www.ncbi.nlm.nih.gov/pubmed/25909629
http://dx.doi.org/10.1038/ismej.2009.95
http://dx.doi.org/10.1038/ismej.2009.95
http://www.ncbi.nlm.nih.gov/pubmed/19710710
http://dx.doi.org/10.1128/CMR.17.3.581-611.2004
http://dx.doi.org/10.1128/CMR.17.3.581-611.2004
http://www.ncbi.nlm.nih.gov/pubmed/15258095
http://dx.doi.org/10.1007/s10482-008-9267-6
http://www.ncbi.nlm.nih.gov/pubmed/18663597
http://dx.doi.org/10.1128/JB.01258-06
http://dx.doi.org/10.1128/JB.01258-06
http://www.ncbi.nlm.nih.gov/pubmed/17114252
http://dx.doi.org/10.1186/1471-2180-10-303
http://www.ncbi.nlm.nih.gov/pubmed/21114871
http://dx.doi.org/10.1371/journal.pntd.0004483
http://www.ncbi.nlm.nih.gov/pubmed/26943908
http://www.ncbi.nlm.nih.gov/pubmed/4562401
http://www.ncbi.nlm.nih.gov/pubmed/12767750
http://dx.doi.org/10.1038/nrmicro2145
http://www.ncbi.nlm.nih.gov/pubmed/19503065
http://dx.doi.org/10.1016/j.micinf.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22172334
http://dx.doi.org/10.1128/IAI.02785-14
http://dx.doi.org/10.1128/IAI.02785-14
http://www.ncbi.nlm.nih.gov/pubmed/25776750
http://dx.doi.org/10.1016/j.tim.2011.04.003
http://dx.doi.org/10.1016/j.tim.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21600774
http://dx.doi.org/10.3390/pathogens4010066
http://www.ncbi.nlm.nih.gov/pubmed/25738646
http://dx.doi.org/10.1038/ng.997
http://www.ncbi.nlm.nih.gov/pubmed/22081229
http://dx.doi.org/10.1073/pnas.1207025110
http://www.ncbi.nlm.nih.gov/pubmed/23271804

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Hancock RE, Mutharia LM, Chan L, Darveau RP, Speert DP, Pier GB. Pseudomonas aeruginosa iso-
lates from patients with cystic fibrosis: a class of serum-sensitive, nontypable strains deficient in lipo-
polysaccharide O side chains. Infect limmun. 1983; 42(1):170-7. PubMed Central PMCID:
PMC264539.

Palmer GC, Whiteley M. Metabolism and Pathogenicity of Pseudomonas aeruginosa infections in the
lungs of individuals with cystic fibrosis. In: Conway T, Cohen P, editors. Metabolism and Bacterial Path-
ogenesis. Washington, DC: ASM Press; 2015. p. 185-213.

Diaz Caballero J, Clark ST, Coburn B, Zhang Y, Wang PW, Donaldson SL, et al. Selective sweeps and
parallel pathoadaptation drive Pseudomonas aeruginosa evolution in the cystic fibrosis lung. mBio.
2015; 6(5):00981-15. PubMed Central PMCID: PMC4556809. doi: 10.1128/mBio0.00981-15 PMID:
26330513

Senior NJ, Gore S, Johnson SC, Vaitkute G, Moore KA, Paszkiewicz KH, et al. Increasing virulence,
acute phenotypic adaptations, and evolving host-pathogen interactions during chronic Burkholderia
cepacia complex infection of the cystic fibrosis lung. J Cystic Fibrosis. 142015. p.

Lieberman TD, Flett KB, Yelin I, Martin TR, McAdam AJ, Priebe GP, et al. Genetic variation of a bacte-
rial pathogen within individuals with cystic fibrosis provides a record of selective pressures. Nat Genet.
2014; 46(1):82—7. PubMed Central PMCID: PMC3979468. doi: 10.1038/ng.2848 PMID: 24316980

Price EP, Sarovich DS, Mayo M, Tuanyok A, Drees KP, Kaestli M, et al. Within-host evolution of Bur-
kholderia pseudomallei over a twelve-year chronic carriage infection. mBio. 2013; 4(4). PubMed Central
PMCID: PMC3735121.

Chantratita N, Tandhavanant S, Wikraiphat C, Trunck LA, Rholl DA, Thanwisai A, et al. Proteomic anal-
ysis of colony morphology variants of Burkholderia pseudomallei defines a role for the arginine deimi-
nase system in bacterial survival. J Proteomics. 2012; 75(3):1031-42. PubMed Central PMCID:
PMC3269093. doi: 10.1016/j.jprot.2011.10.015 PMID: 22062159

Chieng S, Carreto L, Nathan S. Burkholderia pseudomallei transcriptional adaptation in macrophages.
BMC Genomics. 2012; 13:328. PubMed Central PMCID: PMC3418162. doi: 10.1186/1471-2164-13-
328 PMID: 22823543

Hayden HS, Lim R, Brittnacher MJ, Sims EH, Ramage ER, Fong C, et al. Evolution of Burkholderia
pseudomalleiin recurrent melioidosis. PloS One. 2012; 7(5):€36507. PubMed Central PMCID:
PMC3352902. doi: 10.1371/journal.pone.0036507 PMID: 22615773

Conway T, Cohen P. Metabolism and bacterial pathogenesis. Washington, DC: ASM Press; 2015. 382
pages.

Atkins T, Prior RG, Mack K, Russell P, Nelson M, Oyston PC, et al. A mutant of Burkholderia pseudo-
mallei, auxotrophic in the branched chain amino acid biosynthetic pathway, is attenuated and protective
in a murine model of melioidosis. Infect Immun. 2002; 70(9):5290—4. PubMed Central PMCID:
PMC128252. doi: 10.1128/IA1.70.9.5290-5294.2002 PMID: 12183585

Chin CY, Tan SC, Nathan S. Immunogenic recombinant Burkholderia pseudomallei MprA serine prote-
ase elicits protective immunity in mice. Front Cell Infect Microbiol. 2012; 2:85. PubMed Central PMCID:
PMC3417646. doi: 10.3389/fcimb.2012.00085 PMID: 22919676

Butt A, Higman VA, Williams C, Crump MP, Hemsley CM, Harmer N, et al. The HicA toxin from Burkhol-
deria pseudomallei has a role in persister cell formation. The Biochemical Journal. 2014; 459(2):333—
44. PubMed Central PMCID: PMC3969222. doi: 10.1042/BJ20140073 PMID: 24502667

Vaas LA, Sikorski J, Michael V, Goker M, Klenk HP. Visualization and curve-parameter estimation strat-
egies for efficient exploration of phenotype microarray kinetics. PloS One. 2012; 7(4):e34846. PubMed
Central PMCID: PMC3334903. doi: 10.1371/journal.pone.0034846 PMID: 22536335

Vaas LA, Sikorski J, Hofner B, Fiebig A, Buddruhs N, Klenk HP, et al. opm: an R package for analysing
OmniLog(R) phenotype microarray data. Bioinformatics. 2013; 29(14):1823—4. doi: 10.1093/
bioinformatics/btt291 PMID: 23740744

Vehkala M, Shubin M, Connor TR, Thomson NR, Corander J. Novel R pipeline for analyzing Biolog
Phenotypic MicroArray data. PloS One. 2015; 10(3):e0118392. PubMed Central PMCID:
PMC4365023. doi: 10.1371/journal.pone.0118392 PMID: 25786143

Galardini M, Mengoni A, Biondi EG, Semeraro R, Florio A, Bazzicalupo M, et al. DuctApe: a suite for the
analysis and correlation of genomic and OmniLog Phenotype Microarray data. Genomics. 2014; 103
(1):1-10. doi: 10.1016/j.ygeno.2013.11.005 PMID: 24316132

Yi EC, Hackett M. Rapid isolation method for lipopolysaccharide and lipid A from gram-negative bacte-
ria. Analyst. 2000; 125(4):651-6. PMID: 10892021

Tsai CM, Frasch CE. A sensitive silver stain for detecting lipopolysaccharides in polyacrylamide gels.
Anal Biochem. 1982; 119(1):115-9. PMID: 6176137

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 29/32


http://dx.doi.org/10.1128/mBio.00981-15
http://www.ncbi.nlm.nih.gov/pubmed/26330513
http://dx.doi.org/10.1038/ng.2848
http://www.ncbi.nlm.nih.gov/pubmed/24316980
http://dx.doi.org/10.1016/j.jprot.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22062159
http://dx.doi.org/10.1186/1471-2164-13-328
http://dx.doi.org/10.1186/1471-2164-13-328
http://www.ncbi.nlm.nih.gov/pubmed/22823543
http://dx.doi.org/10.1371/journal.pone.0036507
http://www.ncbi.nlm.nih.gov/pubmed/22615773
http://dx.doi.org/10.1128/IAI.70.9.5290-5294.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183585
http://dx.doi.org/10.3389/fcimb.2012.00085
http://www.ncbi.nlm.nih.gov/pubmed/22919676
http://dx.doi.org/10.1042/BJ20140073
http://www.ncbi.nlm.nih.gov/pubmed/24502667
http://dx.doi.org/10.1371/journal.pone.0034846
http://www.ncbi.nlm.nih.gov/pubmed/22536335
http://dx.doi.org/10.1093/bioinformatics/btt291
http://dx.doi.org/10.1093/bioinformatics/btt291
http://www.ncbi.nlm.nih.gov/pubmed/23740744
http://dx.doi.org/10.1371/journal.pone.0118392
http://www.ncbi.nlm.nih.gov/pubmed/25786143
http://dx.doi.org/10.1016/j.ygeno.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24316132
http://www.ncbi.nlm.nih.gov/pubmed/10892021
http://www.ncbi.nlm.nih.gov/pubmed/6176137

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

Kanthawong S, Nazmi K, Wongratanacheewin S, Bolscher JG, Wuthiekanun V, Taweechaisupapong
S. In vitro susceptibility of Burkholderia pseudomalleito antimicrobial peptides. Int J Antimicrob Agents.
2009; 34(4):309-14. doi: 10.1016/j.ijantimicag.2009.05.012 PMID: 19577435

Fox MA, Thwaite JE, Ulaeto DO, Atkins TP, Atkins HS. Design and characterization of novel hybrid anti-
microbial peptides based on cecropin A, LL-37 and magainin Il. Peptides. 2012; 33(2):197-205. doi: 10.
1016/j.peptides.2012.01.013 PMID: 22289499

Madhongsa K, Pasan S, Phophetleb O, Nasompag S, Thammasirirak S, Daduang S, et al. Antimicrobial
action of the cyclic peptide bactenecin on Burkholderia pseudomallei correlates with efficient membrane
permeabilization. PLoS Negl Trop Dis. 2013; 7(6):€2267. PubMed Central PMCID: PMC3681726. doi:
10.1371/journal.pntd.0002267 PMID: 23785532

Godoy D, Randle G, Simpson AJ, Aanensen DM, Pitt TL, Kinoshita R, et al. Multilocus sequence typing
and evolutionary relationships among the causative agents of melioidosis and glanders, Burkholderia
pseudomallei and Burkholderia mallei. J Clin Microbiol. 2003; 41(5):2068—79. PubMed Central PMCID:
PMC154742. doi: 10.1128/JCM.41.5.2068-2079.2003 PMID: 12734250

Tatusova T, DicCuccio M, Badretdin A, Chetvernin V, Ciufo S, Li W. Prokaryotic genome annotation
pipeline. The NCBI Handbook [Internet] 2nd edition Bethesda (MD): National Center for Biotechnology
Information (US). Bethesda, MD: Available from: http://www.ncbi.nim.nih.gov/books/NBK174280/;
2013.

Zasloff M. Magainins, a class of antimicrobial peptides from Xenopus skin: isolation, characterization of
two active forms, and partial cDNA sequence of a precursor. Proceedings of the National Academy of
Sciences of the United States of America. 1987; 84(15):5449-53. PubMed Central PMCID:
PMC298875. PMID: 3299384

Korte-Berwanger M, Sakinc T, Kline K, Nielsen HV, Hultgren S, Gatermann SG. Significance of the D-
serine-deaminase and D-serine metabolism of Staphylococcus saprophyticus for virulence. Infect
Immun. 2013; 81(12):4525-33. PubMed Central PMCID: PMC3837983. doi: 10.1128/IA1.00599-13
PMID: 24082071

Grula EA, Grula MM. Inhibition in Synthesis of Beta-Alanine by D-Serine. Biochimica et biophysica
acta. 1963; 74:776-8. PMID: 14078942

Daligault HE, Davenport KW, Minogue TD, Bishop-Lilly KA, Broomall SM, Bruce DC, et al. Whole-
genome assemblies of 56 Burkholderia species. Genome Announce. 2014; 2(6). PubMed Central
PMCID: PMC4239345.

Reckseidler-Zenteno SL, DeVinney R, Woods DE. The capsular polysaccharide of Burkholderia pseu-
domallei contributes to survival in serum by reducing complement factor C3b deposition. Infect and
Immu. 2005; 73(2):1106—15. PubMed Central PMCID: PMC547107.

Sarkar-Tyson M, Thwaite JE, Harding SV, Smither SJ, Oyston PC, Atkins TP, et al. Polysaccharides
and virulence of Burkholderia pseudomallei. J Med Microbiol. 2007; 56(Pt 8):1005—10. doi: 10.1099/
jmm.0.47043-0 PMID: 17644705

Woodman ME, Worth RG, Wooten RM. Capsule influences the deposition of critical complement C3
levels required for the killing of Burkholderia pseudomalleivia NADPH-oxidase induction by human neu-
trophils. PloS One. 2012; 7(12):52276. PubMed Central PMCID: PMC3522640. doi: 10.1371/journal.
pone.0052276 PMID: 23251706

Cuccui J, Milne TS, Harmer N, George AJ, Harding SV, Dean RE, et al. Characterization of the Burkhol-
deria pseudomallei K96243 capsular polysaccharide | coding region. Infect Immun. 2012; 80(3):1209-
21. PubMed Central PMCID: PMC3294636. doi: 10.1128/IA1.05805-11 PMID: 22252864

Nelson M, Prior JL, Lever MS, Jones HE, Atkins TP, Titball RW. Evaluation of lipopolysaccharide and
capsular polysaccharide as subunit vaccines against experimental melioidosis. J Med Microbiol. 2004;
53(Pt 12):1177-82. doi: 10.1099/jmm.0.45766-0 PMID: 15585494

Mulye M, Bechill MP, Grose W, Ferreira VP, Lafontaine ER, Wooten RM. Delineating the importance of
serum opsonins and the bacterial capsule in affecting the uptake and killing of Burkholderia pseudomal-
lei by murine neutrophils and macrophages. PLoS Negl Trop Dis. 2014; 8(8):e2988. PubMed Central
PMCID: PMC4140662. doi: 10.1371/journal.pntd.0002988 PMID: 25144195

Abu Kwaik Y, Bumann D. Microbial quest for food in vivo: 'nutritional virulence’ as an emerging para-
digm. Cell Microbiol. 2013; 15(6):882-90. doi: 10.1111/cmi.12138 PMID: 23490329

Sperandio V. Bacterial reductionism: Host thiols enhance virulence. Cell Host Microbe. 2015; 18(1):7—
8. doi: 10.1016/j.chom.2015.06.010 PMID: 26159714

Kleber HP. Bacterial carnitine metabolism. FEMS Microbiol Lett. 1997; 147(1):1-9. PMID: 9037756

Shah P, Swiatlo E. A multifaceted role for polyamines in bacterial pathogens. MolecMicrobiol. 2008; 68
(1):4-16.

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 30/32


http://dx.doi.org/10.1016/j.ijantimicag.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19577435
http://dx.doi.org/10.1016/j.peptides.2012.01.013
http://dx.doi.org/10.1016/j.peptides.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22289499
http://dx.doi.org/10.1371/journal.pntd.0002267
http://www.ncbi.nlm.nih.gov/pubmed/23785532
http://dx.doi.org/10.1128/JCM.41.5.2068-2079.2003
http://www.ncbi.nlm.nih.gov/pubmed/12734250
http://www.ncbi.nlm.nih.gov/books/NBK174280/
http://www.ncbi.nlm.nih.gov/pubmed/3299384
http://dx.doi.org/10.1128/IAI.00599-13
http://www.ncbi.nlm.nih.gov/pubmed/24082071
http://www.ncbi.nlm.nih.gov/pubmed/14078942
http://dx.doi.org/10.1099/jmm.0.47043-0
http://dx.doi.org/10.1099/jmm.0.47043-0
http://www.ncbi.nlm.nih.gov/pubmed/17644705
http://dx.doi.org/10.1371/journal.pone.0052276
http://dx.doi.org/10.1371/journal.pone.0052276
http://www.ncbi.nlm.nih.gov/pubmed/23251706
http://dx.doi.org/10.1128/IAI.05805-11
http://www.ncbi.nlm.nih.gov/pubmed/22252864
http://dx.doi.org/10.1099/jmm.0.45766-0
http://www.ncbi.nlm.nih.gov/pubmed/15585494
http://dx.doi.org/10.1371/journal.pntd.0002988
http://www.ncbi.nlm.nih.gov/pubmed/25144195
http://dx.doi.org/10.1111/cmi.12138
http://www.ncbi.nlm.nih.gov/pubmed/23490329
http://dx.doi.org/10.1016/j.chom.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26159714
http://www.ncbi.nlm.nih.gov/pubmed/9037756

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Meadows JA, Wargo MJ. Carnitine in bacterial physiology and metabolism. Microbiology. 2015; 161
(6):1161-74. PubMed Central PMCID: PMC4635513. doi: 10.1099/mic.0.000080 PMID: 25787873

Mathews D, Payne J. Transmembrane transportof small peptides. Current topics in membrane and
transport. 14. New York: Academic Press; 1980. p. 331—425.

Pletzer D, Lafon C, Braun Y, Kohler T, Page MG, Mourez M, et al. High-throughput screening of dipep-
tide utilization mediated by the ABC transporter DppBCDF and its substrate-binding proteins DppA1-A5
in Pseudomonas aeruginosa. PloS One. 2014; 9(10):e111311. PubMed Central PMCID: PMC4206461.
doi: 10.1371/journal.pone.0111311 PMID: 25338022

Alkhuder K, Meibom KL, Dubail I, Dupuis M, Charbit A. Glutathione provides a source of cysteine
essential for intracellular multiplication of Francisella tularensis. PLoS Pathog. 2009; 5(1):e1000284.
PubMed Central PMCID: PMC2629122. doi: 10.1371/journal.ppat.1000284 PMID: 19158962

Meibom KL, Charbit A. Francisella tularensis metabolism and its relation to virulence. Front Microbiol.
2010; 1:140. PubMed Central PMCID: PMC3109416. doi: 10.3389/fmicb.2010.00140 PMID: 21687763

Al-Quadan T, Price CT, Abu Kwaik Y. Exploitation of evolutionarily conserved amoeba and mammalian
processes by Legionella. Trends Microbiol. 2012; 20(6):299-306. PubMed Central PMCID:
PMC3603140. doi: 10.1016/}.tim.2012.03.005 PMID: 22494803

Niu H, Yamaguchi M, Rikihisa Y. Subversion of cellular autophagy by Anaplasma phagocytophilum.
Cell Microbiol. 2008; 10(3):593—-605. doi: 10.1111/j.1462-5822.2007.01068.x PMID: 17979984

Niu H, Xiong Q, Yamamoto A, Hayashi-Nishino M, Rikihisa Y. Autophagosomes induced by a bacterial
Beclin 1 binding protein facilitate obligatory intracellular infection. Proceedings of the National Academy
of Sciences of the United States of America. 2012; 109(51):20800-7. PubMed Central PMCID:
PMC3529060. doi: 10.1073/pnas.1218674109 PMID: 23197835

Ouellette SP, Dorsey FC, Moshiach S, Cleveland JL, Carabeo RA. Chlamydia species-dependent dif-
ferences in the growth requirement for lysosomes. PloS One. 2011; 6(3):e16783. PubMed Central
PMCID: PMC3050816. doi: 10.1371/journal.pone.0016783 PMID: 21408144

Holden MT, Titball RW, Peacock SJ, Cerdeno-Tarraga AM, Atkins T, Crossman LC, et al. Genomic
plasticity of the causative agent of melioidosis, Burkholderia pseudomallei. Proceedings of the National
Academy of Sciences of the United States of America. 2004; 101(39):14240-5. PubMed Central
PMCID: PMC521101. doi: 10.1073/pnas.0403302101 PMID: 15377794

Harland DN, Dassa E, Titball RW, Brown KA, Atkins HS. ATP-binding cassette systems in Burkholderia
pseudomallei and Burkholderia mallei. BMC Genomics. 2007; 8:83. PubMed Central PMCID:
PMC1853089. doi: 10.1186/1471-2164-8-83 PMID: 17391530

Telford JR, Raymond KN. Amonabactin: a family of novel siderophores from a pathogenic bacterium.
JBiolog Inorgan Chem. 1997; 2(6):750-61.

Braun V. Energy-coupled transport and signal transduction through the gram-negative outer membrane
via TonB-ExbB-ExbD-dependent receptor proteins. FEMS Microbiol Rev. 1995; 16(4):295-307. PMID:
7654405

Yang H, Kooi CD, Sokol PA. Ability of Pseudomonas pseudomallei malleobactin to acquire transferrin-
bound, lactoferrin-bound, and cell-derived iron. Infection and immunity. 1993; 61(2):656—62. PubMed
Central PMCID: PMC302777. PMID: 7678587

Alice AF, Lopez CS, Lowe CA, Ledesma MA, Crosa JH. Genetic and transcriptional analysis of the side-
rophore malleobactin biosynthesis and transport genes in the human pathogen Burkholderia pseudo-
malleiK96243. J Bacteriol. 2006; 188(4):1551-66. PubMed Central PMCID: PMC1367220. doi: 10.
1128/JB.188.4.1551-1566.2006 PMID: 16452439

Biggins JB, Ternei MA, Brady SF. Malleilactone, a polyketide synthase-derived virulence factor
encoded by the cryptic secondary metabolome of Burkholderia pseudomallei group pathogens. J Am
Chem Soc. 2012; 134(32):13192-5. PubMed Central PMCID: PMC3514402. doi: 10.1021/ja3052156
PMID: 22765305

Kvitko BH, Goodyear A, Propst KL, Dow SW, Schweizer HP. Burkholderia pseudomallei known sidero-
phores and hemin uptake are dispensable for lethal murine melioidosis. PLoS Negl Trop Dis. 2012; 6
(6):e1715. PubMed Central PMCID: PMC3383733. doi: 10.1371/journal.pntd.0001715 PMID:
22745846

Mott TM, Vijayakumar S, Sbrana E, Endsley JJ, Torres AG. Characterization of the Burkholderia mallei
tonB mutant and Its potential as a backbone strain for vaccine development. PLoS Negl Trop Dis. 2015;
9(6):20003863. PubMed Central PMCID: PMC4482651. doi: 10.1371/journal.pntd.0003863 PMID:
26114445

Dowling AJ, Wilkinson PA, Holden MT, Quail MA, Bentley SD, Reger J, et al. Genome-wide analysis
reveals loci encoding anti-macrophage factors in the human pathogen Burkholderia pseudomallei
K96243. PloS One. 2010; 5(12):e15693. PubMed Central PMCID: PMC3008741. doi: 10.1371/journal.
pone.0015693 PMID: 21203527

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 31/32


http://dx.doi.org/10.1099/mic.0.000080
http://www.ncbi.nlm.nih.gov/pubmed/25787873
http://dx.doi.org/10.1371/journal.pone.0111311
http://www.ncbi.nlm.nih.gov/pubmed/25338022
http://dx.doi.org/10.1371/journal.ppat.1000284
http://www.ncbi.nlm.nih.gov/pubmed/19158962
http://dx.doi.org/10.3389/fmicb.2010.00140
http://www.ncbi.nlm.nih.gov/pubmed/21687763
http://dx.doi.org/10.1016/j.tim.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22494803
http://dx.doi.org/10.1111/j.1462-5822.2007.01068.x
http://www.ncbi.nlm.nih.gov/pubmed/17979984
http://dx.doi.org/10.1073/pnas.1218674109
http://www.ncbi.nlm.nih.gov/pubmed/23197835
http://dx.doi.org/10.1371/journal.pone.0016783
http://www.ncbi.nlm.nih.gov/pubmed/21408144
http://dx.doi.org/10.1073/pnas.0403302101
http://www.ncbi.nlm.nih.gov/pubmed/15377794
http://dx.doi.org/10.1186/1471-2164-8-83
http://www.ncbi.nlm.nih.gov/pubmed/17391530
http://www.ncbi.nlm.nih.gov/pubmed/7654405
http://www.ncbi.nlm.nih.gov/pubmed/7678587
http://dx.doi.org/10.1128/JB.188.4.1551-1566.2006
http://dx.doi.org/10.1128/JB.188.4.1551-1566.2006
http://www.ncbi.nlm.nih.gov/pubmed/16452439
http://dx.doi.org/10.1021/ja3052156
http://www.ncbi.nlm.nih.gov/pubmed/22765305
http://dx.doi.org/10.1371/journal.pntd.0001715
http://www.ncbi.nlm.nih.gov/pubmed/22745846
http://dx.doi.org/10.1371/journal.pntd.0003863
http://www.ncbi.nlm.nih.gov/pubmed/26114445
http://dx.doi.org/10.1371/journal.pone.0015693
http://dx.doi.org/10.1371/journal.pone.0015693
http://www.ncbi.nlm.nih.gov/pubmed/21203527

@° PLOS | ONE

Burkholderia pseudomallei strain variants characterization

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Loprasert S, Sallabhan R, Whangsuk W, Mongkolsuk S. Compensatory increase in ahpC gene expres-
sion and its role in protecting Burkholderia pseudomallei against reactive nitrogen intermediates. Arch
Microbiol. 2003; 180(6):498-502. doi: 10.1007/s00203-003-0621-9 PMID: 14614594

Valvano MA, Keith KE, Cardona ST. Survival and persistence of opportunistic Burkholderia species in
host cells. Curr Opin Microbiol. 2005; 8(1):99—105. doi: 10.1016/j.mib.2004.12.002 PMID: 15694863

Utaisincharoen P, Tangthawornchaikul N, Kespichayawattana W, Chaisuriya P, Sirisinha S. Burkhol-
deria pseudomalleiinterferes with inducible nitric oxide synthase (iNOS) production: a possible mecha-
nism of evading macrophage killing. Microbiol Immunol. 2001; 45(4):307—13. PMID: 11386421

Wong J, Chen Y, Gan YH. Host Cytosolic glutathione sensing by a membrane histidine kinase activates
the type VI secretion system in an ilntracellular bacterium. Cell Host Microbe. 2015; 18(1):38—48. doi:
10.1016/j.chom.2015.06.002 PMID: 26094804

Bochner BR, Gadzinski P, Panomitros E. Phenotype microarrays for high-throughput phenotypic testing
and assay of gene function. Genome research. 2001; 11(7):1246-55. PubMed Central PMCID:
PMC311101. doi: 10.1101/gr.186501 PMID: 11435407

Zhou L, Lei XH, Bochner BR, Wanner BL. Phenotype microarray analysis of Escherichia coliK-12
mutants with deletions of all two-component systems. J Bacteriol. 2003; 185(16):4956—72. PubMed
Central PMCID: PMC166450. doi: 10.1128/JB.185.16.4956-4972.2003 PMID: 12897016

Chasteen TG, Fuentes DE, Tantalean JC, Vasquez CC. Tellurite: history, oxidative stress, and molecu-
lar mechanisms of resistance. FEMS Microbiol Rev. 2009; 33(4):820-32. doi: 10.1111/].1574-6976.
2009.00177.x PMID: 19368559

Fuentes DE, Fuentes EL, Castro ME, Perez JM, Araya MA, Chasteen TG, et al. Cysteine metabolism-
related genes and bacterial resistance to potassium tellurite. J Bacteriol. 2007; 189(24):8953—-60.
PubMed Central PMCID: PMC2168625. doi: 10.1128/JB.01252-07 PMID: 17951385

Li Y, Hugenholtz J, Abee T, Molenaar D. Glutathione protects Lactococcus lactis against oxidative
stress. Appl Environ Microbiol. 2003; 69(10):5739-45. PubMed Central PMCID: PMC201183. doi: 10.
1128/AEM.69.10.5739-5745.2003 PMID: 14532020

Li K, Hein S, Zou W, Klug G. The glutathione-glutaredoxin system in Rhodobacter capsulatus: part of a
complex regulatory network controlling defense against oxidative stress. J Bacteriol. 2004; 186
(20):6800-8. PubMed Central PMCID: PMC522184. doi: 10.1128/JB.186.20.6800-6808.2004 PMID:
15466032

Conerly O, Rieth S. Toxicological review of thallium and related compounds (CAS No. 7440-28-0).
Washington, DC: U.S.: Environmental Protection Agency; 2009.

Fazeli M, Hassanzadeh P, Alaei S. Cadmium chloride exhibits a profound toxic effect on bacterial micro-
flora of the mice gastrointestinal tract. Hum Exp Toxicol. 2011; 30(2):152—-9. doi: 10.1177/
0960327110369821 PMID: 20488844

Ronning CM, Losada L, Brinkac L, Inman J, Ulrich RL, Schell M, et al. Genetic and phenotypic diversity
in Burkholderia: contributions by prophage and phage-like elements. BMC Microbiol. 2010; 10:202.
PubMed Central PMCID: PMC2920897. doi: 10.1186/1471-2180-10-202 PMID: 20667135

Dubnau D, Losick R. Bistability in bacteria. Mol Microbiol. 2006; 61(3):564—72. doi: 10.1111/j.1365-
2958.2006.05249.x PMID: 16879639

PLOS ONE | DOI:10.1371/journal.pone.0171363 February 10,2017 32/32


http://dx.doi.org/10.1007/s00203-003-0621-9
http://www.ncbi.nlm.nih.gov/pubmed/14614594
http://dx.doi.org/10.1016/j.mib.2004.12.002
http://www.ncbi.nlm.nih.gov/pubmed/15694863
http://www.ncbi.nlm.nih.gov/pubmed/11386421
http://dx.doi.org/10.1016/j.chom.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26094804
http://dx.doi.org/10.1101/gr.186501
http://www.ncbi.nlm.nih.gov/pubmed/11435407
http://dx.doi.org/10.1128/JB.185.16.4956-4972.2003
http://www.ncbi.nlm.nih.gov/pubmed/12897016
http://dx.doi.org/10.1111/j.1574-6976.2009.00177.x
http://dx.doi.org/10.1111/j.1574-6976.2009.00177.x
http://www.ncbi.nlm.nih.gov/pubmed/19368559
http://dx.doi.org/10.1128/JB.01252-07
http://www.ncbi.nlm.nih.gov/pubmed/17951385
http://dx.doi.org/10.1128/AEM.69.10.5739-5745.2003
http://dx.doi.org/10.1128/AEM.69.10.5739-5745.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532020
http://dx.doi.org/10.1128/JB.186.20.6800-6808.2004
http://www.ncbi.nlm.nih.gov/pubmed/15466032
http://dx.doi.org/10.1177/0960327110369821
http://dx.doi.org/10.1177/0960327110369821
http://www.ncbi.nlm.nih.gov/pubmed/20488844
http://dx.doi.org/10.1186/1471-2180-10-202
http://www.ncbi.nlm.nih.gov/pubmed/20667135
http://dx.doi.org/10.1111/j.1365-2958.2006.05249.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05249.x
http://www.ncbi.nlm.nih.gov/pubmed/16879639

