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Francisella tularensis, the causative agent of tularemia, is capable of causing disease
in a multitude of mammals and remains a formidable human pathogen due to a
high morbidity, low infectious dose, lack of a FDA approved vaccine, and ease of
aerosolization. For these reasons, there is concern over the use of F tularensis
as a biological weapon, and, therefore, it has been classified as a Tier 1 select
agent. Fluoroquinolones and aminoglycosides often serve as the first line of defense
for treatment of tularemia. However, high levels of resistance to these antibiotics
has been observed in gram-negative bacteria in recent years, and naturally derived
resistant Francisella strains have been described in the literature. The acquisition
of antibiotic resistance, either natural or engineered, presents a challenge for the
development of medical countermeasures. In this study, we generated a surrogate
panel of antibiotic resistant . novicida and Live Vaccine Strain (LVS) by selection in
the presence of antibiotics and characterized their growth, biofilm capacity, and fitness.
These experiments were carried out in an effort to (1) assess the fitness of resistant
strains; and (2) identify new targets to investigate for the development of vaccines
or therapeutics. All strains exhibited a high level of resistance to either ciprofloxacin
or streptomycin, a fluoroquinolone and aminoglycoside, respectively. Whole genome
sequencing of this panel revealed both on-pathway and off-pathway mutations, with
more mutations arising in LVS. For £ novicida, we observed decreased biofilm formation
for all ciprofloxacin resistant strains compared to wild-type, while streptomycin resistant
isolates were unaffected in biofilm capacity. The fithess of representative antibiotic
resistant strains was assessed in vitro in murine macrophage-like cell lines, and also
in vivo in a murine model of pneumonic infection. These experiments revealed that
mutations obtained by these methods led to nearly all ciprofloxacin resistant Francisella
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strains tested being completely attenuated while mild attenuation was observed in
streptomycin resistant strains. This study is one of the few to examine the link between
acquired antibiotic resistance and fitness in Francisella spp., as well as enable the
discovery of new targets for medical countermeasure development.

Keywords: Francisella, Francisella novicida, LVS, antimicrobial resistance, streptomycin, ciprofloxacin, tularemia,

biofilm

INTRODUCTION

The facultative intracellular gram-negative bacterium Francisella
tularensis, found ubiquitously across the northern hemisphere,
is responsible for the zoonotic disease known as tularemia or
more commonly “rabbit fever.” The disease is typically spread
between hosts by arthropod vectors, namely through the bite of
an infected mosquito or tick (Ellis et al., 2002). F. tularensis has
a broad host range, as infections have been noted in an array of
vertebrates including amphibians, birds, and mammals, though
preferential colonization has been observed in lagomorphs in
North America, mainly hares, and rabbits (Jellison and Parker,
1945; Hopla, 1974; Morner, 1992). The ulceroglandular form
of tularemia is the most common, resulting in a primary ulcer
at the inoculation site, followed by regional lymphadenopathy.
Less common disease outcomes, depending on the route
of exposure, include ocular, oropharyngeal, typhoidal, and
pneumonic forms, with pneumonic tularemia having higher
mortality rates (Hepburn and Simpson, 2008).

F. tularensis is comprised of two clinically important
subspecies, subsp. tularensis (Type A) and subsp. holarctica (Type
B), which are responsible for the majority of tularemia infections
in humans. Type A strains are prevalent in North America
and highly virulent, while Type B strains are present more
widely across the Northern hemisphere and are typically less
virulent. A third closely related subspecies, Francisella novicida,
is only associated with brackish water and soil, and rarely causes
disease in humans. F. novicida is commonly used as a laboratory
surrogate since it has a high degree of genetic similarity to the
virulent F. tularensis subspecies, is able to infect macrophages
in vitro and cause disease in mice, and can be handled under
BSL-2 conditions (Kingry and Petersen, 2014).

F. tularensis has garnered significant attention in recent years
due to its concern as a potential biothreat agent. It has a low
infectious dose, reported to be as low as a single bacterium, and
is easy to obtain from the environment and aerosolize (Jones
et al., 2005). Moreover, there is no United States (U.S.) Food
and Drug Administration (FDA)-approved vaccine available,
and the disease has an estimated mortality rate of 30-60% if
left untreated (Pechous et al., 2009). Historically, bioweapons
containing F. tularensis were developed during WWII by multiple
biological weapons programs in the U.S., Japan, and the Soviet
Union (Barras and Greub, 2014). A live vaccine strain (LVS),
derived from F. holarctica, was developed by the Soviet Union
and gifted to the U.S. and is also used as a surrogate strain.
Currently, LVS is only available as an investigational vaccine to at-
risk laboratory personnel (Oyston and Quarry, 2005). Moreover,
its exact basis for loss of virulence is unknown, although

probable genetic alterations have been identified (Rohmer et al.,
2006), and concerns about its reversion to virulence and
breakthrough in protection has prevented licensure by the FDA
(Eigelsbach and Downs, 1961; Saslaw et al., 1961; Hornick and
Eigelsbach, 1966). Complicating this threat, F. tularensis has
the potential to acquire antibiotic resistance, either through
natural selection or intentionally engineered, rendering current
treatments ineffective (Loveless et al, 2010; Caspar et al,
2017; Chance et al., 2017; Heine et al., 2017). Current clinical,
vector, and zoological surveillance efforts suggest emergence of
resistance to clinically relevant antibiotics for F. tularensis strains
is not typical or detected to date (Miiller et al., 2013; Tomaso
et al, 2017; Caspar et al, 2018). However, significant efforts
are still required to i) characterize the fitness of such antibiotic
resistant strains, and ii) identify novel targets for the development
of vaccines and therapeutics to combat this threat.

The aminoglycosides, streptomycin and gentamicin, have
been utilized historically to treat tularemia; however, issues
with toxicity has kept their use mainly restricted to severe
cases, while fluoroquinolones and tetracyclines are considered
a first-line of defense against these infections (Hepburn and
Simpson, 2008). Specifically, oral treatment with ciprofloxacin
or doxycycline for at least 14 days is recommended in the
event of a large-scale exposure for post-exposure prophylaxis
(Dennis et al., 2001). However, relapse and treatment failure
occurs in 10-15% of tularemia patients given fluoroquinolones
(Johansson et al., 2001; Perez-Castrillon et al., 2001). Previous
work by Sutera et al. (2014), showed that passaging of LVS
and F. novicida on increasing concentrations of ciprofloxacin
led to mutations within the topoisomerase and gyrase genes,
the targets of ciprofloxacin, as well as cross-resistance to the
related fluoroquinolones levofloxacin and moxifloxacin (Sutera
et al,, 2014). Most of the mutations were found within the
QRDR (quinolone resistance-determining region) of gyrA/B
and parC/E, encoding subunits of gyrase and topoisomerase
enzymes, respectively. Similarly, a study focused on rapid
detection of mutations leading to ciprofloxacin resistance,
found that passaging of the fully virulent F. tularensis Schu
S4 strain on ciprofloxacin gave rise to mutations in the
QRDR of gyrA and parE genes (Loveless et al., 2010). Indeed,
the presence of mutations in the QRDR in response to
ciprofloxacin resistance is well established across diverse bacteria
(Yoshida et al., 1990; Jacoby, 2005; Maruri et al, 2012).
Streptomycin, typically used in severe cases of tularemia, is
an aminoglycoside that inhibits bacterial protein synthesis by
binding to the S12 protein of the 30S ribosomal subunit
(Luzzatto et al., 1968; Parker, 2001). Like ciprofloxacin, resistance
to streptomycin can occur via mutations in the rpsL allele
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encoding the ribosomal target, thereby altering the binding
affinity of the drug.

The formation of a biofilm by bacterial cells is a well-known
contributing factor to virulence and antibiotic resistance in
many pathogenic species, often leading to recalcitrance and,
subsequently, reoccurring infections (Costerton et al., 1999; Hall
and Mah, 2017). Analysis of biofilm formation in recent years
has revealed that F. novicida readily forms a robust biofilm on
a variety of surfaces while the human pathogenic F. tularensis
type A and B strains form either a weak or unsubstantial
biofilm in vitro (Margolis et al., 2010; Mahajan et al., 2011;
Champion et al., 2019). However, the importance of biofilm
formation on virulence and in the treatment of tularemia is
not well understood given the intracellular lifestyle of this
pathogen. Previous work has shown F. novicida biofilms are
resistant to antibiotics and that the enzymatic removal of the
biofilm matrix is capable of re-sensitizing the cells embedded
within the biofilm to antibiotics (Chung et al., 2014). In LVS,
variation in surface polysaccharide and glycosylation has been
shown to inhibit biofilm formation in wild-type cells, however,
phase variation during extended incubations may remodel the
cell surface to promote biofilm formation (Champion et al,
2019). While these studies have focused on the effects of
biofilms on antibiotic treatment, little is currently known about
how intrinsic antibiotic resistance affects biofilm formation in
Francisella.

The emergence of multi-drug resistant bacteria has renewed
the interest and urgency of understanding how the acquisition
of antibiotic resistance affects virulence and alters the threat of
pathogens, especially for bacterial biothreats. In this study, we
selected for an antibiotic resistant panel of Francisella surrogates
(F. novicida and LVS) in an effort to understand how resistance
to ciprofloxacin and streptomycin affects Francisella fitness,
which could help identify new druggable targets for medical
countermeasures. Through step-wise serial passaging in the
presence of these antibiotics, we show that high-level resistance to
ciprofloxacin and streptomycin leads to a number of both on- and
off-pathway mutations. On-pathway mutations were identified
in the gyrase/topoisomerase genes and ribosomal genes, the
targets of ciprofloxacin and streptomycin, respectively, as well
as in genes encoding drug efflux proteins. Interestingly, many
off-pathway mutations occurred in known or putative virulence
factors, such as LPS and peptidoglycan biosynthesis genes. We
also determined that ciprofloxacin resistant F. novicida strains
were significantly impaired for biofilm formation compared to
the parent strain, while streptomycin resistant F. novicida were
not affected. Moreover, several ciprofloxacin resistant strains
were reduced for replication in macrophages and exhibited
significantly decreased virulence during intranasal infection
of mice. In contrast, only mild attenuation was observed
in several streptomycin resistant isolates. Here, we provide
a thorough characterization of the growth, biofilm capacity,
and fitness of naturally derived antibiotic resistant variants
of F. novicida and LVS. These studies add to the growing
body of knowledge on the relationship between resistance,
biofilm, and virulence in bacterial species. More specifically, the
mutations identified in these studies derived by serial passaging

reveal genes that are involved in virulence and represent
new targets to be explored for medical countermeasures to
treat tularemia.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Bacterial strains used in this study are listed in Table 1.
F. novicida and LVS were routinely cultured on enriched
chocolate agar plates (Thermo Fisher Scientific, Waltham, MA)
at 37°C. For liquid culture, either brain heart infusion broth
(BHI) supplemented with 1% IsoVitaleX (Becton-Dickinson,
Cockeysville, MD) or Chamberlain’s Defined Medium (CDM)
(Chamberlain, 1965).

Natural Selection of Antibiotic Resistant

Non-select Agent Francisella Strains

The surrogates F. novicida U112 (Larson et al, 1955) and
LVS (Saslaw et al., 1961) were obtained from the USAMRIID
bacterial repository and used as the parental strains to
derive either ciprofloxacin or streptomycin resistant isolates.
Ciprofloxacin resistant derivative strains were obtained by
sequentially passaging with the sub-inhibitory concentrations of
0.0125, 0.025, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 8, 16, 32, 64, 72, to
80 mg/L for F. novicida or 0.0125, 0.025, 0.05, 0.1, 0.2, 0.5, 1, 2,
3, 4, 8, 16, 32, 40, 48, 56, 64, 72, 80, 96, 104, to 128, mg/L for
LVS. Streptomycin resistant derivative strains were obtained by
sequentially passaging with the sub-inhibitory concentrations of
0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, to 512 mg/L for F. novicida
and LVS. In all cases, the cultures were passaged by alternating
between chocolate agar and supplemented BHI broth at 37°C.
To confirm resistance stability the isolates were cultured in the
absence of antibiotic for 10 passages and alternating agar and
broth cultures at 37°C.

Generation of Growth Curves

Francisella strains were cultured for 24 h on chocolate agar and
resuspended to an ODggo of 0.3 in phosphate buffered saline
(PBS). Bacterial suspensions were then diluted 1-10 into either
BHI + 1% IsoVitaleX or CDM in a 96-well plate. Growth assays
were performed using an Infinite M200 Pro (Tecan Systems,
San Jose, CA) microplate reader at 37°C with orbital shaking.
All samples were performed in triplicate including medium
controls to ensure sterility throughout the experiment as well as
to calculate the absorbance of the cultures.

Minimum Inhibitory Concentration (MIC)
Susceptibility Assays

LVS and F. novicida strains were pre-cultured for 4-6 h in BHI
broth supplemented with 1% IsovitaleX, followed by plating onto
chocolate agar and application of the E-test strip (bioMérieux,
Inc., Durham, NC). E-tests were recorded after 24 h for
F. novicida and 48 h for LVS. For each experiment, three separate
E-tests were used, and the experiment was repeated three times.
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TABLE 1 | Antibiotics susceptibilities of CipR and StrepR variants of Fn and LVS.

CipR variants

StrepR variants

MIC (ng mL~7) MIC (ng mL~1)

Strain CIP DOX CHL PMB Strain STR PMB

Francisella novicida

Fn WT (U112) 0.008 0.25 0.75 96 Fn parental 8 96

Fn Cip80-1 >32 1.5 1.5 128 Fn Strep512-1 >1,024 96

Fn Cip80-2 >32 2 2 128 Fn Strep512-2 >1,024 96

Fn Cip80-3 >32 1.5 1.5 128 Fn Strep512-3 >1,024 96

Fn Cip80-4 >32 2 1.5 128 Fn Strep512-4 >1,024 96

Fn Cip80-5 >32 2 1.5 128 Fn Strep512-5 >1,024 96

Fn Cip80-6 >32 1.5 1.5 128 Fn Strep512-6 >1,024 96

Fn Cip80-7 >32 2 2 128 Fn Strep512-7 >1,024 96

Fn Cip80-8 >32 2 128 Fn Strep512-8 >1,024 96

Fn Cip80-9 >32 1.5 2 128 Fn Strep512-9 >1,024 96

Fn Cip80-10 >32 2 2 128 Fn Strep512-10 >1,024 96

LvS

LVS WT 0.006 0.125 0.75 >1,024 LVS parental 2 >1,024

LVS Cip128-1 >32 0.75 3 256 LVS Strep512-1 >1,024 >1,024

LVS Cip128-3 >32 1 4 128 LVS Strep512-2 >1,024 >1,024

LVS Cip128-4 >32 0.75 2 384 LVS Strep512-3 >1,024 >1,024

LVS Cip128-5 >32 0.75 3 256 LVS Strep512-4 >1,024 >1,024

LVS Cip128-6 >32 1 4 128 LVS Strep512-5 >1,024 512/>1,024

LVS Cip128-7 >32 1 4 256 LVS Strep512-6 >1,024 512/>1,024

LVS Cip128-9 >32 0.75 4 128 LVS Strep512-7 >1,024 768/>1,024

LVS Cip128-10 >32 1 4 384 LVS Strep512-8 >1,024 768/>1,024

LVS Cip128-12 >32 4 24 256 LVS Strep512-9 >1,024 >1,024
LVS Strep512-10 >1,024 >1,024

Antibiotic sensitivities were assessed by E-tests. CIF, ciprofloxacin; DOX, doxycycline; CHL, chloramphenicol; PMB, polymyxin B, STR, streptomycin.

Genome Sequencing and Analysis

Bacterial genomic DNA was sheared to 400 bp using Covaris
LE220 Focused-ultrasonicator (Covaris Inc., Woburn, MA).
End repair, A-tailing and ligation of barcoded Illumina
adapters were performed on the Apollo 324 automated system,
using Prep X Complete ILMN DNA Library Kit (WaferGen
Biosystems, Fremont, CA). Libraries were enriched using KAPA
Library Amplification Kit (KAPA Biosystems, Wilmington, MA)
with 10 cycles of PCR. Libraries were then quantified by
TapeStation (Agilent, Santa Clara, CA), normalized and pooled
for sequencing. Final pool was quantified by qPCR using KAPA
Library Quantification Kit (KAPA Biosystems, Wilmington,
MA). Cluster amplification was performed on the cBot with the
TruSeq PE Cluster Kit v3-cBot-HS (Illumina Inc., San Diego,
CA). Clustered flow cell was sequenced on the HiSeq 2500
instrument, resulting in 2 x 100 bp reads.

Adapters were removed using Cutadapt v1.9devl (Martin,
2011), and reads were quality trimmed and filtered with
Prinseq v0.20.3 (Schmieder and Edwards, 2011). Reads less
than 70 bp in length after trimming and singletons were
removed. Reads were aligned to either Francisella tularensis subsp
novicida U112 (NZ_CP009633.1) or F. tularensis subsp holarctica
LVS (NZ_CP009694.1) using Bowtie2 v2.1.0 (Langmead and
Salzberg, 2012). For variant calling, we only utilized reads

mapped in proper pairs and with mapping quality > 20.
Duplicate reads were removed with Picard v1.131 ("Picard
Toolkit" 2019; GitHub Repository: Broad Institute) Variants were
called using UnifiedGenotyper from GATK v3.5-0-g36282e4
with ploidy set to 1 and genotype likelihoods model set to
BOTH (McKenna et al., 2010). Variant effects were annotated
using SnpEft v4.2 (Cingolani et al., 2012). Repetitive or low-
complexity regions of the genome were identified using custom
scripts' and variants called in those regions were filtered.
Finally, mutations were confirmed by PCR analysis and Sanger
sequencing. Data was deposited into the NCBI database under
BioProject ID PRJNA645905.

Static Biofilm Assay

Bacterial suspensions in PBS were prepared as described above
and diluted 1:10 into BHI medium + 1% IsoVitaleX in a 96-well
plate. The plates were then incubated statically at 37°C for either
1, 3, 5, or 7 days. Peripheral wells were filled with sterile medium
to minimize evaporation over the duration of the experiment.
Before staining, the ODggo of each well was read to note cell
density after which planktonic cells were removed by aspiration
and the remaining biofilm was washed 3 times with PBS. When
enzymes were used, the biofilm was washed twice with PBS

'https://github.com/lovettse/Seq_utils/blob/master/genotyping/
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and enzyme (DNase I, proteinase K, or sodium-meta-periodate;
Millipore-Sigma, St. Louis, MO) was added at 250 pg/mL in
200 L of PBS, incubated for 15" at room temperature, and
washed again twice with PBS. In all experiments, the biofilm was
fixed for 15" at room temperature in 100% ethanol. Biofilm was
visualized by staining for 15" with 0.1% crystal violet stain (Sigma-
Aldrich, St. Louis, MO) dissolved in H,O (w/v) followed 3 PBS
washes to remove excess stain. The remaining crystal violet was
solubilized in 33% acetic acid (v/v) and the ODgoo was obtained.
In some instances, FM1-43 stain was used to fluorescently label
cells within the biofilm. Where indicated, biofilms were stained
for 30’ at room temperature using a final concentration of 100
pg/mL FM1-43 after which excess stain was removed by rinsing
3x with water. Fluorescent signal was then recorded using an
Infinite M200 Pro (Tecan Systems, San Jose, CA) microplate
reader at 472 nm ex/580 nm em set at a gain of 100. When
necessary, samples were diluted to ensure ODgg or fluorescent
readings were within the linear range of the instrument.

Macrophage Assays

Murine macrophage-like J774A.1 cells (American Type Culture
Collection, Manassas, VA) were maintained in Dulbecco’s
Modified Eagle’s medium (DMEM) containing 4.5 g/L glucose,
L-glutamine and sodium pyruvate supplemented with 10% fetal
bovine serum (FBS). Cells were seeded at approximately 2.5 x 10°
into 24-well plates and cultured for 24 h at 37°C under 5% CO,
to allow a confluent monolayer to form. Prior to the experiment,
F. novicida was resuspended from 18 h plates to an ODggg of ~0.4
in PBS and diluted 1-5 in pre-warmed tissue culture medium to
serve as a bacterial inoculum. Next, tissue culture medium was
aspirated from the J774A.1 monolayer, replaced with 200 wL of
inoculum (MOI of ~100:1 confirmed by CFU determination)
and incubated for 2 h. After incubation, extracellular bacteria
were aspirated, wells were washed 3x with PBS and tissue
culture medium containing 25 pg/mL gentamicin was used to
replenish each well. At 4 and 24 h, the monolayer of J774A.1
cells was washed 3x with PBS and lysed with 200 wL of sterile
water followed by scraping. Cells harvested were immediately
suspended in 800 wL of PBS. This suspension was serial diluted
and plated on chocolate agar to determine CFU recovery at
each time point. For assays with LVS, a 96 well plate format
was adapted following the methods described above with minor
modifications. J774A.1 cells were seeded at approximately 8 x
10* cells per well in 80 jLL. Bacteria were re-suspended for 18 h
plates to an ODggg of ~0.4 directly into tissue culture medium,
diluted 1:5 into fresh tissue culture medium and 20 L was added
to each well as an inoculum. After 2 h of incubation, 10 mL of
fresh tissue culture medium containing gentamicin was added
directly to each well without washing at a final concentration of
25 pg/mL. At4 and 24 h time points, J774A.1 cells were harvested
as described above with the exception that 20 wL was used for
lysis and immediately re-suspended into 80 wL of PBS. For both
F. novicida and LVS, the average of three replicate wells was
used to determined percent recovery in each experiment. CFU
counts were averaged from two plates per well. Results shown
were obtained from at least three independent experiments.

Animal Challenges

Six to eight weeks old female BALB/c mice (obtained from
Charles River Laboratories, Frederick, MD) were challenged with
LVS or F. novicida strains via the intranasal route. Strains were
streaked onto chocolate agar and incubated for at 37°C for 2
days (LVS) or 24 h (F. novicida), after which the resulting growth
was swabbed onto a fresh chocolate agar plate and incubated at
37°C for 24 h. Bacterial growth was resuspended in PBS and
cell suspensions diluted to varying doses. Mice were anesthetized
with 200 pl of ketamine, acepromazine, and xylazine injected
intraperitoneally. These mice were then challenged by intranasal
instillation with 50 WL of LVS or F. novicida suspended in
PBS. Challenge doses were determined by serial dilution in
PBS and plating on chocolate agar. Mice were monitored at
least twice each day and mortality rates (or euthanasia when
moribund) were recorded.

Ethics Statement

Challenged mice were observed at least twice daily for 21 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 £ 12: 0 = 3 = no clinical signs; 4 = 7 = clinical
signs; increase monitoring; 8 & 12 = distress; euthanize. Those
animals receiving a score of 8 &= 12 were humanely euthanized
by intraperitoneal injection with 200 pL pentobarbital sodium
(Fatal Plus) followed by cervical dislocation. However, even with
multiple checks per day, some animals died as a direct result
of the infection. Animal research at The United States Army of
Medical Research Institute of Infectious Diseases (USAMRIID)
was conducted and approved under an Institutional Animal
Care and Use Committee (USAMRIID IACUC) in compliance
with the Animal Welfare Act, Public Health Service Policy, and
other Federal statutes and regulations relating to animals and
experiments involving animals. The facility where this research
was conducted is accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care, International and
adheres to principles stated in the Guide for the Care and Use of
Laboratory Animals, National Research Council, 2011.

Statistics

All in vitro experiments described in this manuscript were
performed independently at least 3 times. Intracellular
replication data were analyzed by ANOVA with Dunnetts
post-hoc procedure on the ratio of 24-4 h CFU recovery time
points, using SAS version 9.4. LDsy analysis was determined
by the Bayesian probit analysis. Normality was assessed using a
Shapiro-Wilk test.

RESULTS

Generation of a Surrogate Panel of

Antibiotic Resistant Francisella Strains
The acquisition of antibiotic resistance, either natural or
engineered, presents a challenge for the development of medical
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countermeasures. As fluoroquinolones and aminoglycosides
often serve as the first line of defense for treatment of tularemia,
we sought to characterize a surrogate panel of antibiotic resistant
Francisella strains in an effort to (1) assess the fitness of such
strains; and (2) identify new targets to investigate for the
development of vaccines or therapeutics. F. novicida U112 and
LVS were selected as surrogates due to the relatedness to virulent
forms of F. tularensis and the ability to work safely under
BSL-2 laboratory conditions. To establish a panel of antibiotic
resistant strains in these backgrounds, serial passaging in the
presence of either ciprofloxacin or streptomycin was conducted
in a step-wise manner by increasing the antibiotic concentration
in each step (Figure 1A). A previous study compiling data from
multiple antibiotic susceptibility studies encompassing > 800
F. tularensis strains, reported a range of 0.002-0.125 g mL™!
for ciprofloxacin, with little variation between type A and type
B isolates, while a range of 0.064-8 ug mL™! was reported
for streptomycin (Caspar and Maurin, 2017). We first tested
the MIC values of WT F. novicida and LVS strains, then used

sub-inhibitory concentrations of 1/4 of the WT MIC for the
first selection step. 0.125 ug mL™! ciprofloxacin was used to
generate the ciprofloxacin-resistant (CipR) strain panel, and 0.5
pg mL~! streptomycin was used to generate the streptomycin-
resistant (StrepR) strain panel. Gradual increase of the antibiotic
concentration should select for those genetic adaptations that
would enable the cells to replicate in the presence of each
respective antibiotic. Both F. novicida (Fn) and LVS had increased
antibiotic resistance, although the number of passages required
to obtain high levels of resistance were dependent on the
antibiotic. Passaging of Fn and LVS on streptomycin quickly
reached high MIC levels (>1024 g mL™!), after 11 steps. In
contrast, cultures in the presence of ciprofloxacin required an
additional 3 steps and 6 steps for Fn and LVS, respectively,
to achieve an MIC > 32 ug mL~! (Figure 1B). To ensure
resistance was stably maintained after selection, 10 CFU of the
CipR and StrepR variants were sequentially passaged 10 times
in alternating agar and broth cultures without the presence of
the respective antibiotic and shown to retain resistance. No
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differences in growth in BHI/ IsovitaleX liquid culture were
observed for any of the CipR or StrepR strains tested compared
to the parent (data not shown). It is from these antibiotic
resistant strains that the surrogate panel was comprised for
this study. Strains were designated as follows- Fn or LVS,
Cip (ciprofloxacin-resistant) or Strep (streptomycin-resistant),
followed by the concentration of antibiotic used in the final
step of passaging and the colony number. For example, LVS
Cip80-1 indicates LVS passaged on increasing ciprofloxacin to
a final concentration of 80 g mL™!, and the first independent
colony isolated.

MIC Determination of CipR and StrepR

Resistant LVS and Fn Variants

CipR Variants

E-tests were carried out to assess final MIC levels of various
antibiotics against each LVS or Fn variant. For ciprofloxacin,
E-tests showed an MIC of 0.008 g mL™! for the parental
Fn strain, and 0.006 g mL™! for the parental LVS strain.
Fn CipR variants exhibited MIC levels of > 32 g mL~},
the maximum concentration on the E-tests. In agreement, the
LVS Cip128 clones had MIC levels > 32 pg mL~! (Table 1).
Additional fluoroquinolones including levofloxacin, ofloxacin,
and gatifloxacin were also tested and showed similar patterns of
increased resistance among CipR variants as compared to the
parental strains (data not shown). CipR variants also exhibited
increased resistance to the unrelated antibiotics doxycycline and
chloramphenicol in both Fn and LVS (Table 1). Interestingly,
all LVS CipR variants became more susceptible to polymyxin
B, a membrane-destabilizing antibiotic, while the parent LVS
remained resistant to polymyxin B (~128-384 g mL~!
compared to > 1024 g mL~! for parent LVS, Table 1).
In contrast, the Fn CipR variants displayed slightly increased
resistance to polymyxin B, 128 ug mL~!, compared to 96 pg

StrepR Variants

E-tests for streptomycin showed MIC values of 2 and 8 g
mL~! for parent LVS and Fn strains, respectively. In contrast,
all LVS and Fn StrepR variants showed much higher levels of
resistance to streptomycin, MIC > 1,024 pg mL™!, at least
twofold greater than the concentration of streptomycin used for
passaging. Unlike the CipR variants, the acquisition of StrepR
did not grant cross protection to related antibiotics, including
gentamicin, amikacin, tobramycin, and spectinomycin, as the
sensitivities of these variants remained similar to the parental
strains (data not shown). Additionally, sensitivity to polymyxin
B was unaffected in both Fn and LVS StrepR variants compared
to the parental strains (Table 1).

Genome Sequencing Reveals the
Presence of Both On-Pathway and
Off-Pathway Mutations in Surrogate

Antibiotic Resistant Strains
To identify mutations acquired by Francisella during the
development of antibiotic resistance, we performed whole
genome sequencing on the surrogate strain panel. Sequencing
revealed the presence of 49 unique mutations across 25 different
genes throughout the surrogate panel, with 20 mutations
harbored within CipR strains and 29 harbored within StrepR
strains (Supplementary Table S1). Interestingly, the majority
of mutations identified were within the LVS background, 41
mutations compared to 8 mutations in the Fn background
(Figure 2A). The StrepR LVS isolates harbored about twice as
many mutations as the CipR LVS isolates, 28 compared to 13. In
contrast, the StrepR Fn isolates harbored only a single mutation,
found within the 30S ribosomal protein S12, while CipR Fn
isolates contained seven unique mutations (Figure 2A).

To ascribe functional classes to each of these mutations,
we next performed Gene Ontology (GO)-term analysis which
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A B . g
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FIGURE 2 | Characterization of mutations harbored within Francisella antibiotic resistant surrogates. (A) Number of mutations identified in CipR (black bars) and
StrepR (gray bars) isolates of LVS and £ novicida. (B) Annotations of genes found to harbor mutations in all isolates (top pie chart) and LVS or Fn subsets (bottom
pie charts) as determined by the prokka genome annotation tool. Percentages of each category are indicated in parentheses.
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into nine categories. Figure 2B shows the proportion of
mutations occurring in each functional category, with large
percentage of mutations found in pseudogenes (~27%), protein
synthesis genes (~22%), and genes of unknown function
(~14%). Other categories included proteins associated with cell
wall and envelope, DNA topology, transport, and intergenic,
each accounting for ~6-12% of the total mutations. Lastly,
carbohydrate metabolism and transposases represented ~2% of
the mutations identified. These categories are further broken
down into four charts, representing the proportion of mutations
found in each panel of strains (LVS CipR, Fn CipR, LVS StrepR,
and Fn StrepR as shown in Figure 2B). The DNA topology, cell
wall and envelope, and transposase mutations were exclusively
contained in the CipR strains, while protein synthesis and
pseudogene mutations were exclusively found in the StrepR
strains. Notably, these categories can be further divided into on-
pathway mutations, present in genes encoding proteins directly
targeted by the antibiotic and off-pathway mutations, not known
to be directly involved in antibiotic resistance. Supplementary
Table S2 lists the patterns of mutations identified across all
isolates within the CipR and StrepR panels.

On-Pathway Mutations (CipR)

Ciprofloxacin targets DNA replication through the inhibition
of DNA gyrase and topoisomerase IV, thereby inhibiting cell
division (LeBel, 1988). Consistent with on-pathway mutations,
missense mutations were found in genes encoding each of these
enzymes in both Fn and LVS CipR strains. All CipR variants of
LVS and Fn harbored a single nucleotide polymorphism (SNP)
in the gyrA allele, resulting in the amino acid substitution of
threonine to isoleucine at position 83 of the protein (Table 2). The
Fn CipR strains also contained a nearby SNP in gyrA, resulting
in the amino acid change Asp87Tyr. The gyrB allele was only
affected in LVS CipR strains, which had a Ser465Tyr mutation.
Mutations were also identified in parC and parE genes, encoding
topoisomerase IV subunits A and B, respectively. Unlike gyrA,
which was mutated in both Fn and LVS, parC was only mutated
in Fn CipR isolates (Gly81Asp), while parE was only mutated
in LVS CipR isolates (Ser4471Ile). As can be expected, repeated
exposure to ciprofloxacin affected genes associated with antibiotic
resistance, such as drug efflux pumps. These included an in-frame
insertion in a gene encoding for a MexH family multidrug efflux
RND transporter, a missense mutation in the gene encoding for
an outer membrane efflux protein TolC resulting in Arg453Ser,
and a Arg653His substitution in the gene encoding for the AcrB
periplasmic accessory protein (Table 2). Interestingly, the gyrA/B
and parC/E mutations were conserved across all colonies of Fn
or LVS in which they were identified, while mutations outside of
these genes were more scattered across the isolates.

Off-Pathway Mutations (CipR)

Mutations deemed off-pathway in CipR Fn strains were both
frameshifts which likely resulted in the inactivation of the
thiopurine S-methyltransferase (AW25_RS00910) and short-
chain dehydrogenase/reductase (SDR) family oxidoreductase
(AW25_RS02890) proteins (Table 3). Off-pathway mutations
in CipR LVS isolates included a frameshift mutation in bamB,

encoding a subunit of the beta-barrel assembly machinery,
or BAM, complex. Additional mutations were found in genes
involved in LPS biosynthesis and transport, wbtC (in-frame
deletion) and IptE (frameshift), and peptidoglycan biosynthesis,
slt (missense). A frameshift mutation was also identified in
the gene encoding for DUF-3573 domain-containing protein
FupA (AW21_RS06025). A single mutation was identified in the
gene encoding for IS630 family transposase, and the remaining
mutations were located in intergenic regions, classified as
modifiers in this study, due to the potential for these mutations
to modify the expression of downstream genes. In Fn, a
cytosine to thymine SNP was identified 35 bp upstream of
a IS5 family transposase. In LVS, a cytosine to adenine SNP
occurred downstream of a Ber/CflA family drug resistance efflux
transporter, 52 bp upstream of a DUF3573 domain-containing
membrane protein. Overall, the mutations found in the Fn CipR
panel were present in every isolate, with the exception of a single
nucleotide change in an intergenic region in the Cip80-10 strain
(Supplementary Table S2). Similarly, the off-pathway mutations
in the LVS CipR panel were conserved across all isolates except
for those found in slt, IptE, and an 1630 transposase, present in
3-4 isolates out of ten.

On-Pathway Mutations (StrepR):

Streptomycin inhibits translation by binding to the 30S ribosomal
subunit halting protein synthesis. The 88th residue of this
protein was previously found to be important for conferring
resistance to streptomycin in Escherichia coli (Toivonen et al.,
1999). Consistent with this finding, the LVS isolates harbored
a missense mutation in rpsL (AW21_RS04995) resulting in a
Lys88Arg substitution in the 30S ribosomal protein S12 (Table 2).
Fn also had a mutated allele of rspL (AW25_RS08975) where
a Lys43Arg substitution was identified. This mutation was
the only one identified in all StrepR Fn strains sequenced.
Conversely, the StrepR LVS isolates were some of the most diverse
observed during the construction of the antibiotic resistant
mutant panels (Table 2). Additional on-pathway mutations
arose in the ribosomal RNA small subunit methyltransferase
G gene (AW21_RS04075) of LVS StrepR strains. Interestingly,
nine unique mutations were identified in this gene with only
one being synonymous while the rest were missense mutations
(Met4Leu, Leu31Pro, Gly79Val, Prol90Ser) or considered
highly detrimental to a functional protein (two frameshifts;
Asp6fs, Leu33fs and two stop codon introductions; Glul76%,
Glul196*). Lastly, one missense mutation, resulting in Trp18Leu,
was found in the gene encoding for the major facilitator
superfamily (MFS) transporter (AW21_RS00170), a putative
drug efflux protein.

Off-Pathway Mutations (StrepR LVS):

The StrepR Fn isolates in our panel only harbored a single
mutation that was present in each isolate, the aforementioned
missense mutation in rpsL (on-pathway), resulting in the
substitution of Arg for Lys at position 88. Conversely, the
StrepR LVS isolates harbored 28 unique mutations across a
variety of loci. Interestingly, a single isolate Fn Strep512-1,
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TABLE 2 | On-pathway mutations identified in CipR and StrepR isolates of £, novicida and LVS.

Type Locus Protein Nucleotide change Amino acid change Severity

Fn CipR

Missense AW25_RS02595 GyrA, DNA Gyrase subunit A 248C > T Thr83lle Moderate

Missense AW25_RS02595 GyrA, DNA Gyrase subunit A 259G > T Asp87Tyr Moderate

Missense AW25_RS07640 ParC, DNA topoisomerase IV 242G > A Gly81Asp Moderate
subunit A

Insertion (in-frame) AW25_RS01955 MexH family multidrug efflux 785_787dupATC Asp262_Pro263insHis Moderate
RND transporter

LVS CipR

Missense AW21_RS01670 GyrB, DNA Gyrase subunit B 1394C > A Serd65Tyr Moderate

Missense AW21_RS02555 ParE, DNA topoisomerase IV 1340G > T Serd47lle Moderate
subunit B

Missense AW21_RS06550 DNA gyrase subunit A 248C > T Thr83lle Moderate

Frameshift AW21_RS06550 DNA gyrase subunit A 675delT Gly225fs High

Missense AW21_RS02275 Multidrug transporter AcrB; 1958G > A Arg653His Moderate
MMPL family transporter

Missense AW21_RS03270 Quter membrane efflux protein 1357C > A Arg453Ser Moderate
TolC

Fn StrepR

Missense AW25_RS08975 308 ribosomal protein S12 128A > G Lys43Arg Moderate

LVS StrepR

Missense AW21_RS04995 308 ribosomal protein S12, 263A > G Lys88Arg Moderate
RpsL

Missense AW21_RS04075 Ribosomal RNA small subunit 10A>T MetdlLeu Moderate
methyltransferase G (RsmG)

Frameshift AW21_RS04075 Ribosomal RNA small subunit 15delA Aspbfs High
methyltransferase G (RsmG)

Synonymous AW21_RS04075 Ribosomal RNA small subunit 60T > C Thr20Thr Low
methyltransferase G (RsmG)

Missense AW21_RS04075 Ribosomal RNA small subunit 92T > C Leu31Pro Moderate
methyltransferase G (RsmG)

Frameshift AW21_RS04075 Ribosomal RNA small subunit 96_97insA Leu33fs High
methyltransferase G (RsmG)

Missense AW21_RS04075 Ribosomal RNA small subunit 236G > T Gly79Val Moderate
methyltransferase G (RsmG)

Nonsense AW21_RS04075 Ribosomal RNA small subunit 526G > T Glut176* High
methyltransferase G (RsmG)

Missense AW21_RS04075 Ribosomal RNA small subunit 568C > T Pro190Ser Moderate
methyltransferase G (RsmG)

Nonsense AW21_RS04075 Ribosomal RNA small subunit 583G > T Glu195* High
methyltransferase G (RsmG)

Missense AW21_RS00170 MFS transporter 53G>T Trp18Leu Moderate

harbored a stretch of SNPs and deletions in positions 457-
474 of the gene encoding for the two-component sensor
histidine kinase (AW21_RS06710). Since this gene is already
annotated as a pseudogene, and the mutations occur after
the premature stop codon, protein function is likely not
impacted. The only two mutations suspected to impact protein
function are missense mutations found in the genes encoding
for the nicotinamide adenine dinucleotide (phosphate)/ flavin
adenine dinucleotide NAD(P)/FAD-dependent oxidoreductase
(AW21_RS09100) and hypothetical protein (AW21_RS08665).
Unexpectedly, the remaining mutations occurred in pseudogenes
or transposases annotated as pseudogenes, as well as a single
mutation in an intergenic region (Table 3). These mutations
are not likely to affect protein function. Unlike the CipR

panel, the vast majority of off-pathway mutations in the StrepR
isolates were unique, occurring in only one or a few isolates
(Supplementary Table S2).

The Acquisition of Ciprofloxacin
Resistance Alters the Ability of Fn to

Form Biofilm in vitro

The formation of a biofilm signals the transition of a cell from
a primarily planktonic lifestyle into a sessile community encased
within an extracellular matrix. Life within a biofilm affords a cell
protection from environmental stressors and has been attributed
to enhanced resistance to oxidative stress and phagocytosis as
well as resistance to antibiotics (Shirtliff et al., 2002; Yan and
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TABLE 3 | Off-pathway mutations identified in CipR and StrepR isolates of F. novicida and LVS.

Type Locus Protein Nucleotide Amino acid change Severity
change
Fn CipR
Frameshift AW25_RS00910 Thiopurine S-methyltransferase 346_358delCC Pro116fs High
TAAGATAGCAA
Frameshift AW25_RS02890 SDR family oxidoreductase 59_60dupCG Gly21fs High
Intergenic region AW25_RS06100-AW25_RS06105 N/A 1278988C > T Modifier
Fn StrepR
No off-pathway mutations identified
LVS CipR
Frameshift AW21_RS02545 Outer membrane protein 870delT Asp290fs High
assembly factor BamB
Intergenic region AW21_RS03145-AW21_RS03150 N/A 599763C > A Modifier
Synonymous AW21_RS06025 DUF3573 domain-containing 105G > C Gly35Gly Low
protein FUpA
Frameshift AW21_RS06025 DUF3573 domain-containing 107dupC Leu37fs High
protein FUpA
Missense AW21_RS06205 Transglycosylase SLT domain 1868A > T Lys623lle Moderate
protein
Deletion (in-frame) AW21_RS06850 NAD-dependent 499_510delAAA Lys167_Lys170del Moderate
epimerase/dehydratase family CTTGCAAAG
protein WhtC
Stop gained AW21_RS09925 Lipopolysaccharide-assembly 179T > G LeuB0* High
family protein LptE
Frameshift and stop lost AW21_RS10125 IS630 family transposase, 502dupT Ser168fs High
pseudogene
LVS StrepR
Intergenic region AW21_RS00955-AW21_RS10080 10080- I1S630 family 164135C > T Modifier
transposase
Frameshift and stop lost AW21_RS10125 IS630 family transposase, 133dupT Tyrdbfs High
pseudogene
Missense AW21_RS01780 IS5/1S1182 family transposase, 425T > C lle142Thr Moderate
pseudogene
Synonymous AW21_RS10175 IS630 family transposase, 162C > T lleb4lle Low
pseudogene
Frameshift* AW21_RS06710 Two-component sensor 457 A>T
histidine kinase
AW21_RS06710 Two-component sensor 458 G > C
histidine kinase
AW21_RS06710 Two-component sensor 459 T > C
histidine kinase
AW21_RS06710 Two-component sensor 460T > C
histidine kinase
AW21_RS06710 Two-component sensor 462 del
histidine kinase GAGGATC
AW21_RS06710 Two-component sensor 472 A > G
histidine kinase
AW21_RS06710 Two-component sensor 473G >T
histidine kinase
Missense AW21_RS06710 Two-component sensor 474 del C
histidine kinase
Missense AW21_RS06960 Recombination factor protein 719C > A Pro240GIn Moderate
RarA, pseudogene
Nonsense AW21_RS07120 Aminotransferase, pseudogene 620T > G Leu207* High
Missense AW21_RS08665 Hypothetical protein 725C > T Ala242Val Moderate
Missense AW21_RS08665 Hypothetical protein 737C > G Thr246Arg Moderate
Missense AW21_RS09100 NAD(P)/FAD-dependent 23G>T Gly8Vval Moderate

oxidoreductase

*Mutations identified in AW21_RS06710 ultimately result in frameshift, occurring downstream of the natural frameshift found in the native gene.

Frontiers in Microbiology | www.frontiersin.org

10

October 2020 | Volume 11 | Article 593542


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Biot et al.

Antibiotic Resistance Affects Francisella Fitness

A 4 *
5
5 34 I L
3
°
>
3 2
2
£}
g 1
o
0- & 2 T T T T (; T ,\I T T T
N v > b o A o ] S N v il p: A D 23 J
;éQQ & & @} & & & & & O QW ,,\'1"' & 6&50 P U R
NS SAINEC USIC UG UG SR S GG U S L L L LS LLLS
& ¥ o & & & & & o & ¢
B C
by B Fnwildtype Bl Cip80-10 [ Strep512-10 B wild-type M Cip80-10 [ Strep512-10
125=
34
Tgn 3 100
8 £
g ég; 50+ * *
@ £
14 a 2 * *k Kk
£ 25
5 % % i
0
Day 1 Day 3 Day 5 Day 7 ProK DNase Na Per ProK + ProK + DNase +
DNase Na Per Na Per
FIGURE 3 | The acquisition of ciprofloxacin resistance delays the formation of biofilm and alters matrix composition. (A) Biofilm formation of the £ novicida CipR and
StrepR surrogate strains as assessed by crystal violet staining after static growth for 3 days at 37°C. (B) Time course of biofilm formation for Fn WT compared to
representative antibiotic resistant strains Cip80-10 and Strep512-10 as assessed by crystal violet staining after growth for 1, 3, 5, and 7 days. (C) Biofilm matrix
composition analysis. Biofilms for Fn WT and representative CipR and StrepR strains were grown for 3 days and treated with proteinase K, DNase, sodium
metaperiodate, or PBS as a control, then stained with crystal violet to assess biomass. Results are plotted as percent biofilm relative to PBS control. Significance
was assessed using a one-way (A,B) or two-way ANOVA (C). *p < 0.05, **p < 0.01, **p < 0.001.

Bassler, 2019). To determine if biofilm formation was altered
in the ciprofloxacin and streptomycin resistant strains used in
this study, we focused on F. novicida antibiotic resistant strains
as previous studies have reported that this subspecies readily
forms biofilm in vitro on a variety of surfaces (Margolis et al.,
2010; Zogaj et al., 2012; van Hoek, 2013). To assess biofilm
formation, antibiotic resistant strains were grown statically in
BHI with IsovitaleX for 3 days at 37°C and subsequently stained
with crystal violet. In agreement with growth curve analysis
when shaking, static incubation of antibiotic resistant strains
yielded a similar optical density to wild-type (data not shown).
Interestingly, crystal violet staining revealed that all CipR strains
had approximately 50% of the biofilm compared to the parental
wild-type strain (Figure 3A). This defect was not observed in
StrepR strains, suggesting the phenotype is likely specific to
mutations harbored in CipR strains and not an artifact of panel
construction. Further, no differences were observed comparing
individual strains to each other within the CipR or StrepR panel.
Similar results were obtained using FMI1-43 as a secondary
method of biofilm staining (data not shown).

While Fn CipR strains failed to achieve wild-type levels of
biofilm formation, we next wanted to explore the possibility
that CipR strains may accrue biofilm at a slower rate giving the
appearance of a biofilm defect at 3 days. To address this question,
a time course experiment was performed by measuring biofilm

formation at 1, 3, 5, and 7 days. Since individual strains within a
panel shared a phenotype, Fn Cip80-10 and Fn Strep512-10 were
chosen as representative strains for each resistance panel. The
time course revealed that peak biofilm in Fn occurred at day 3
and gradually decreased after this time resulting in about 50% of
the peak biofilm by day 7 (Figure 3B). Fn Strep512-10 mirrored
wild-type and also peaked on day 3 with and decreased to day 7,
suggesting that biofilm formation is not affected in these strains.
Interestingly, the Fn Cip80-10 strain had a significant decrease in
biofilm at both day 1 and 3 compared to wild-type (p < 0.01, one-
way ANOVA). However, the observed decrease in biofilm did not
occur in Fn Cip80-10 after day 3 resulting in similar levels of
biofilm by day 7. These results suggest that biofilm development
in Fn is a dynamic process as biofilm accrued until day 3, after
which the overall amount of biofilm began to decrease, likely
due to remodeling processes occurring as the biofilm matures.
Further, the acquisition of ciprofloxacin resistance (including
either on- or off- target mutations) alters both the ability of Fn
biofilm to accrue and remodel as observed in wild-type cells.

We hypothesized that the delayed onset of biofilm
development and overall biofilm decrease could be due to
an altered matrix composition synthesized by the CipR strains.
Given that biofilm is often a mixed polymeric matrix consisting
primarily of extracellular DNA, proteins, and polysaccharides,
we hypothesized that the ratio of one of these macro-components
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may be diminished or absent from the matrix. To investigate
the composition of the biofilm matrix, Fn biofilm was grown 3
days to achieve peak biofilm then subjected to treatment with
the matrix degrading treatments with DNase I, proteinase K,
and sodium-meta-periodate, and stained to assess the remaining
biofilm. Proteinase K and DNase I had an equal effect on the
Fn wild-type biofilm matrix, removing ~25% of the biomass
for each treatment compared to the PBS only treatment while
sodium-meta-periodate had little to no effect (Figure 3C). The
representative StrepR strain tested displayed no alterations in the
biofilm matrix as the treatments yielded results that mirrored
wild-type biofilm. Interestingly, proteinase K treatment removed
~75% of the biofilm formed by the CipR10 mutant (p < 0.001,
two-way ANOVA), while displaying a similar sensitivity to
DNase I as observed in the wild-type biofilm. The susceptibility
of the biofilm formed by the CipR mutant to proteinase K
treatment suggests that the matrix components in this mutant
are altered compared to the wild-type. Indeed, these results
are further supported by combinatory treatment of the biofilm
matrix with two enzymes simultaneously. In these experiments,
the Fn wild-type biofilm was reduced by ~75% when treated
with proteinase K and DNase while the CipR strain was almost
completely removed with less than 10% remaining (Figure 3C).
These results suggest that polysaccharides do contribute to the
Fn biofilm matrix, but likely are a minor component as treatment
with both proteinase K and sodium-meta-periodate was able
to remove more matrix material than proteinase K alone (25%
proteinase K only compared to 50% proteinase K and Na-m-
periodate). Additionally, combinatory treatment with DNase I
and sodium-m-periodate shows an increase susceptibility of the
CipR biofilm matrix to these treatments compared to wild-type,
further suggesting that the matrix is altered in the CipR strains.

Ciprofloxacin Resistant Isolates Are
Impaired for Intracellular Replication in

Macrophages

The ability of Francisella to infect and replicate within
macrophages and other host cell types is integral to its
pathogenesis in humans and other mammals. In an effort
to assess how the development of antibiotic resistance affects
fitness in Francisella, we performed gentamicin protection assays
with the CipR and StrepR surrogate panels using J774A.1
murine macrophage-like cells. Figure 4A shows the percent
CFU recovery of F. novicida WT and two representative
CipR and StrepR isolates, Fn Cip80-1 and Cip80-10, and Fn
Strep512-1 and Strep512-10, respectively. Wild-type F. novicida
exhibited an approximately 2 log increase in the CFU recovered
from the 4 to 24 h time-point, with a percent increase of
~15,000%. In contrast, the Fn CipR strains showed little
increase in CFU at 24 h compared to 4 h, and the Fn StrepR
strains had a percent CFU increase of ~1,000%, as shown
in Figure 4A. These experiments demonstrate that antibiotic
resistant F. novicida variants are significantly attenuated for
replication in macrophages (p < 0.05), a critical host cell
reservoir, suggesting these isolates may also be attenuated during
infection in vivo.
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FIGURE 4 | Intracellular replication of CipR and StrepR strains in J774A.1
murine macrophages. Gentamicin protection assays were used to assess
intracellular replication of (A) F. novicida WT and two representative CipR and
StrepR isolates, (B) the LVS CipR panel, and (C) the LVS StrepR panel.
Macrophages were infected with £ novicida at an MOl ~100 and cultured in
the presence of gentamicin for 4 and 24 h, after which cells were lysed and
plated for intracellular bacteria. % CFU recovery of each strain from 24 h
compared to 4 h is shown in comparison to the parent F. novicida or LVS.
Significance was determined using an ANOVA with Dunnett’s post-hoc
procedure. *p < 0.05, **p < 0.01, ***p < 0.0001.

We next tested the entire LVS CipR and StrepR panel for
replication in J774A.1 cells using the gentamicin protection
assay. In this set of experiments, parent LVS exhibited a % CFU
increase of ~8,000. A general trend with a decrease % CFU
recovery was observed with most of the CipR isolates ranging
from ~2,000 to 8,000% (Figure 4B), though not statistically
significant. We observed no difference in CFU recovery for
all of the LVS StrepR variants (Figure 4C), indicating the
mutations acquired during streptomycin resistance acquisition
likely have negligible impact on replication within a macrophage
for LVS variants.

Ciprofloxacin and Streptomycin
Resistant Francisella Are Significantly
Attenuated in Mice

To determine how the acquisition of ciprofloxacin and
streptomycin resistance affects the virulence of Francisella spp.,

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 593542


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Biot et al.

Antibiotic Resistance Affects Francisella Fitness

Fn WT Fn Cip80-1 Fn Cip80-10
1 T
© = 30CRY ~ 23CFU ° 3 «~ 79CFU
i) = 39CFU kel = 8CFU S 7 = 7CFU
E + 1CFU E + 0.8 CFU E S + 06 CFU
2 —olcru o ~ 0.08 CFU ° 4 ~ 0.06 CFU
01 CFU 0.008 CFU % 0.006 CFU
a
(1] 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Day Day Day
Fn Strep512-1 Fn Strep512-10
B - 480 CFU . - 590 CFU
8 I = 48 CFU kel \ = 59 CFU
E 3 ~ 7CFU E + 8CFU
° 4 ~ 07CFU o ~ 08CFU
* 2 I+
) 0.07 CFU 0.08 CFU
0

0 5 10 15

Day

20 25

FIGURE 5 | Virulence assessment of F. novicida parent (A) and select Fn CipR (B,C) and StrepR strains (D,E) in the BALB/c mouse model of intranasal infection.
Mice were inoculated via the intranasal route with 50 pL of varying doses of each strain. Mice were then monitored over the course of 21 days and survival curves
plotted. Serial dilutions of bacterial suspensions were plated to enumerate CFUs in challenge doses. LDsg values and median time-to-death were calculated and are

shown in Table 4.
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the BALB/c mouse model of intranasal infection was utilized.
A panel of Fn and LVS strains was selected for mouse challenges
based upon their representative patterns of mutations, as well
as their attenuation observed in the above macrophage studies.
For Fn variants, which harbored the same mutations across
isolates, Fn Cip80-1 and Cip80-10, and Fn Strep512-1 and
Strep512-10 were chosen for challenges. For LVS variants, which
exhibited more variation in patterns of mutation across isolates,
LVS Cip128-3, and Cip128-12 strains were chosen to represent
ciprofloxacin passaged strains, while LVS Strep512-1, 4, and 5,
were chosen to represent streptomycin-passaged strains.

Both Fn Cip80-1 and Cip80-10 strains were significantly
attenuated for virulence, with complete survival of mice at the
tested doses of 23 CFU and 79 CFU, respectively, compared to
the LDsg of ~0.1 CFU for the parent WT strain (Figures 5A-C
and Table 4). In contrast, the Fn Strep512-1 and Strep512-
10 strains were slightly (but significantly) attenuated in mice
(Figures 5D,E), but no delay in the median time to death was
observed compared to the parent Fn strain.

Virulence of CipR and StrepR variants followed a similar
pattern in the LVS background. LVS Cip128-3 and Cip128-
12 strains were significantly attenuated in the mice, with
complete survival even at the highest doses tested, 64,000 CFU
and 253,000 CFU, respectively, compared to the calculated
LDsg of 172 CFU for WT (Figures 6A-C and Table 4). Of
the LVS StrepR variants tested, Strep512-1, Strep512-4, and
StrepR512-5 had significantly higher LDsy values compared
to the parent strain; however, the median time to death for
all StrepR variants was similar to WT (Figures 6D-F and
Table 4). Overall, these results demonstrate that ciprofloxacin
and streptomycin resistance leads to decreased virulence in Fn
and LVS. Whether this attenuation is a direct result of antibiotic
resistance, or due to the auxiliary mutations acquired during
development of antibiotic resistance, is an interesting question
that remains to be answered.

TABLE 4 | Calculated LDsg and median time to death (TTD) for intranasal
mouse challenges.

Strain LDso" (95% CL) P-value Median P-value
compared TTD (days) compared
to WT to WT
Fn WT 0.1(,.) - 4.0 -
Fn Cip80-1+ >23 <0.0001 >21 <0.0001
Fn Cip8O—1Oi >79 <0.0001 >21 <0.0001
Fn Strep512-1 1.4 (0.5, 3.6) 0.0004 4.5 N.S.
Fn Strep512-10 4.6(1.7,12.3) <0.0001 5.0 N.S.
LVS WT 172 (52, 701) - 7.0 -
LVS Cip128-3+ >64,000 <0.0001 >21 <0.0001
LVS Cip128-12+ >253,000 <0.0001 >21 <0.0001
LVS Strep512-1 352 (158, 972) 0.0002 6.0 N.S.
LVS Strep512-4 596 (184, 1615) <0.0001 6.0 N.S.
LVS Strep512-5 2274 (866, 6313) <0.0001 6.0 N.S.

TLDsy values are estimated under a probit model with 95% confidence limits (CL)
by Fieller's method. P-values were obtained from the Wald Chi-Squared test for
each LDsgp in comparison to the parent strain. Median time to death (TTD) was
calculated for the highest dose level tested. *Comparisons for these strains, in
which all groups of mice survived, were made based on the highest dose levels
tested.

DISCUSSION

When cultured in increasing levels of ciprofloxacin or
streptomycin, Fn and LVS were able to obtain high levels
of resistance after 12 passages. Selecting isolated colonies from
these populations allowed for the construction of a ciprofloxacin
and streptomycin resistant strain panel featuring a diverse array
of mutations across 20 Fn and 20 LVS surrogate strains. Whole
genome sequencing revealed that these strains acquired both
mutations directly involved in antibiotic resistance (on-pathway)
as well as mutations in genes unrelated to antibiotic resistance
(oft-pathway). Interestingly, when deriving resistance by this
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FIGURE 6 | Virulence assessment LVS parent and select CipR and StrepR strains in the BALB/c mouse model of intranasal infection. Mice were infected and
survival curves plotted. LDsg values and median time-to-death were calculated and are shown in Table 4.

natural selection method, many of these surrogate strains
were attenuated in a mouse model, most apparent in the CipR
strains, suggesting that the evolution of antibiotic resistance to
fluoroquinolones and aminoglycosides may come at a cost for
F. tularensis as virulence was decreased. However, we cannot
speak to the fitness of resistant strains derived by other methods
or strains passaged without antibiotic selection. With the current
data in mind, some of these mutations harbored within these
strains are of interest as potential targets for future medical
countermeasures. For instance, some of the proteins encoded
by the identified virulence factors could be used for future
vaccine design as part of a subunit vaccine or in some version
of Francisella mutation to be used as part of an attenuated live
vaccine. Although, a stronger avenue for future biodefense needs,
especially, for the enzymatic targets, would be drug design which
is discussed in more detail below.

On-Pathway Mutations Discovered in
Ciprofloxacin Resistant Strains

Both F. novicida and LVS passaged on ciprofloxacin acquired
mutations within the DNA gyrase and topoisomerase IV subunit
genes, products of which are known targets of this antibiotic.
The subunits of DNA gyrase, gyrA, and gyrB, and those of the

topoisomerase IV, parC, and parE, share significant sequence
homology with a high conservation of amino acids in the
quinolone resistance-determining region, or QRDR (Hooper,
2001). Loveless et al. reported several mutations in gyrA and
parE of F. tularensis Schu S4 as a result of serial passaging
on increasing concentrations of ciprofloxacin (Loveless et al.,
2010). Whole genome sequencing of our ciprofloxacin-passaged
isolates revealed two mutations in gyrA and one mutation in
parC for Fn CipR strains, as well as one mutation in gyrA, one
in gyrB, and one in parE for the LVS CipR strains. All of these
mutations led to an amino acid change to the respective protein.
Interestingly, the same Thr83Ile mutation was present in gyrA
of both LVS and F. novicida CipR strains; this is a key residue
known to be involved in fluoroquinolone resistance across
both gram-positive and gram-negative bacteria (Hooper, 2001).
This mutation was previously found in a ciprofloxacin-resistant
derivative of a F. tularensis subsp. holarctica clinical isolate, as
well as a F. tularensis Schu S4, LVS, and F. novicida strains
passaged on ciprofloxacin (La Scola et al., 2008; Loveless et al.,
2010; Sutera et al., 2014). The second mutation found in gyrA of
the Fn CipR strains was Asp87Tyr, also previously identified as
a hotspot for fluoroquinolone resistance in F. novicida and LVS,
as well as in other species including Mycobacterium tuberculosis
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and E. coli (Matrat et al., 2008; Sutera et al., 2014; Jaing et al,,
2016; Caspar et al., 2017). Notably, Jaing et al. (2016) observed
gyrA mutations affecting amino acids 83 and 87 occurring in
the same LVS isolate and showed that the presence of both
mutations conferred higher levels of ciprofloxacin resistance than
each individual mutation (Jaing et al., 2016). Interestingly, the
study by Caspar et al. (2017) also found that F. novicida developed
the first mutation in gyrB rather than gyrA upon passaging on
increasing ciprofloxacin. Our study found the same Ser465Tyr
mutation in gyrB; however it was only identified in LVS and not
Fn CipR variants (Caspar et al., 2017). In most cases, the literature
is consistent that gyrase is the primary target of ciprofloxacin,
and topoisomerase is the secondary target; typically, a mutation
in the gyrase and additional mutation in a topoisomerase gene is
required to attain high levels of quinolone resistance. Our study
supports this trend, but also adds evidence to suggest that gyrB
may be the primary target in LVS, while gyrA may be the primary
target in F. novicida. The order of mutations may be dependent
on the strain or culture conditions used to derive resistance.
Further studies utilizing a range of isolates could shed further
light on how these mutations are acquired during antibiotic
resistance development.

During passage of Fn on ciprofloxacin concentrations up to
80 jLg mL ™!, we observed high levels of resistance, as shown by
E-tests (>32 vs. 0.008 for WT). This observation could possibly
be explained by the order in which mutations occur in both the
gyrase and topoisomerase genes. It has been shown that DNA
gyrase is the primary target of quinolone action, and that parC-
mediated resistance is only obtained in gyrA mutants at high
fluoroquinolone concentrations (Drlica and Zhao, 1997). All of
the Fn CipR variants in our study harbor two mutations in gyrA
and a single mutation in parC. It is likely the gyrA mutations
were acquired early during passaging, and subsequent passaging
on higher concentrations led to the parC mutations, resulting in
high levels of ciprofloxacin resistance. In general, the presence
of two gyrA mutations and one parC mutation is associated with
high levels of quinolone resistance (Vila et al., 1996). Conversely,
the LVS CipR strains harbored a single gyrA mutation, Thr83Ile
also found in Fn CipR, and two additional amino acid changes in
gyrB and parE. In general, mutation of the serine at position 83 in
E. coli isolates is associated with moderate levels of ciprofloxacin
resistance (Drlica and Zhao, 1997). While QRDR mutations
typically reduce the fitness of resistant organisms, it has been
established that energetically favorable mutations occurring in
the QRDR, mainly double-serine mutations, provide favorable
fitness to bacteria during resistance development (Fuzi et al,
2017). The Thr83Ile mutation identified in gyrA of our study
could provide a slight fitness advantage, while all other mutations
are expected to cause a loss of fitness (Fuzi et al., 2017).

Ciprofloxacin Resistant Strains Harbor
Multiple Mutations in Efflux Pumps

Several of the mutations found in our resistance panel occurred in
genes encoding multidrug efflux pumps. Although not the targets
of the antibiotics themselves, these mutations could be expected
to alter resistance to either ciprofloxacin or streptomycin. Three

mutations occurred in components of resistance-nodulation-
cell division (RND) family efflux transporters. The RND
efflux transporters are tripartate systems, composed of an
outer membrane channel-forming protein, a secondary inner
membrane transporter, and a periplasmic adaptor protein that
bridges the two membrane proteins. The AcrAB-TolC system
of E. coli is the most well characterized efflux system, in which
TolC forms the outer membrane channel, AcrB functions as the
inner membrane transporter, and AcrA is the periplasmic adaptor
protein that connects the two (Du et al., 2014).

Previous studies focused on F. novicida ciprofloxacin
resistance identified mutations in several RND efflux genes,
including FTN_1610, encoding an RND efflux transporter, and
FTN_1609, encoding the associated periplasmic adaptor subunit
(Caspar etal., 2017; Siebert et al., 2019). In our study, we observed
a single amino acid change in the outer membrane efflux protein
TolC (encoded by AW21_RS03270) of the LVS CipR variants.
The mutation resulted in an Arg453Ser substitution located
in the outer membrane efflux protein (OEP) domain of tolC.
The F. tularensis genome encodes two orthologs of TolC from
E. coli, the aforementioned tolC gene and ftIC, both of which
are highly conserved across all three subspecies. Gil et al. (2006)
previously demonstrated that t0lC was necessary for both drug
resistance and virulence in a murine model of intradermal
infection (Gil et al., 2006).

Additional mutations were identified in the acrA and
acrB homologs upon passaging in ciprofloxacin. All Fn CipR
variants contained an insertion of a histidine residue at
position 263 of AcrA (AW25_RS01955). A BLAST search of
this protein revealed ~25% similarity to AcrA of E. colj
with the mutation present in the domain responsible for
interaction with the AcrB subunit. All LVS CipR variants
harbored an Arg653His mutation in AcrB (AW21_RS02275).
BLAST search showed CmeB from Campylobacter jejuni as
the closest Protein Data Bank (PDB) entry (97% query
cover, ~29% identity; 5TOO_A). Importantly, a c¢meB mutant
in C. jejuni was shown to have enhanced susceptibility to
a variety of antibiotics including the fluoroquinolones, and
ciprofloxacin specifically was shown to accumulate inside cells
of the cmeB mutant, further providing support for a role
of the Francisella AcrB protein in ciprofloxacin resistance
(Pumbwe and Piddock, 2002). In contrast, a previous study
developed an acrB mutant in LVS and showed that, while
it was important for resistance to P-lactams and other
antibiotics, ciprofloxacin resistance was unaffected (Bina et al.,
2008). Moreover, it is unclear whether the AcrA/B subunits
described above interact with the TolC or FtlC outer membrane
components encoded in the Francisella genome, as they can
switch adapter subunits.

For both the LVS and Fn CipR variants, mutations found
in the efflux pump components could potentially contribute to
the slightly higher MIC of doxycycline and chloramphenicol
that we observed. These antibiotics would be substrates of these
transporters. As fluoroquinolones are substrates of AcrAB-TolC
system, mutations in these families of efflux pumps could help the
Francisella strains to adapt themselves to higher concentrations
of ciprofloxacin, resulting in a slight multidrug resistance.
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Off-Pathway Mutations Discovered in

Ciprofloxacin Resistant Strains

An interesting mutation that appeared in our study was
the presence of a single bp insertion at position 107 in
the gene encoding a DUF3573 domain-containing protein,
causing a frameshift (AW21_RS06025). This is a unique
fusion protein referred to as FupA/B, resulting from a
deletion and recombination event between the adjacent
genes fupA and fupB. FupA/B is necessary for iron acquisition
in Francisella, and interestingly, multiple studies previously
found mutations in fupA/B in floroquinolone-resistant
Francisella derivatives (Jaing et al, 2016; Caspar et al,
2017; Chance et al., 2017; Siebert et al,, 2019). Jaing et al.
(2016) identified multiple fupA mutations in ciprofloxacin-
resistant LVS isolates, two of which resulted in a premature
stop codon and truncated protein product (Jaing et al,
2016). The recent study by Siebert et al. (2019) identified
a single nucleotide insertion in the same location as
our study, which occurred as a second step event after
the development of mutations in the DNA gyrase. They
further demonstrated that a fupA/B mutant exhibited a
threefold increased MIC in comparison to WT, and this
was accompanied by increased secretion of outer membrane
vesicles and the formation of biofilm (Siebert et al., 2019).
Our study showed a decreased biofilm capacity for all
of the CipR Fn mutants. However, in agreement with
Siebert et al., a screen of the LVS CipR and StrepR panel
revealed increased biofilm formation by the CipR strains
(Supplementary Figure S1). Perhaps the fupA frameshift
mutation also identified in our study contributes to the
increased outer membrane vesicle secretion and thus increased
biofilm capacity.

Two LPS-related genes, wbtC and IptE, contained mutations
resulting in truncated proteins in this study. The wbtC
gene encodes the NAD-dependent epimerase involved in
LPS biosynthesis, while IptE encodes an outer membrane
lipoprotein that functions in complex with LptD to transport
LPS across the outer membrane. Interestingly, the wbtQ
and wbtH genes, also involved in LPS biosynthesis, were
found to have mutations resulting in premature stop codons
in ciprofloxacin-resistant F. novicida (Caspar et al, 2017).
Moreover, our laboratory previously reported a mutation
in the kdsD gene of a ciprofloxacin-resistant derivative of
F. tularensis Schu S4, which resulted in growth defects, altered
LPS profiles, and attenuation in mice (Chance et al, 2017).
The high impact mutations reported here and by others
support a potential role for the O-antigen in susceptibility to
fluoroquinolones.

On-Pathway Mutations Discovered in

Streptomycin Resistant Strains

Streptomycin functions by binding to the 30S subunit of the
ribosome, thereby inhibiting protein synthesis (Luzzatto et al,
1968). In our study, both Fn and LVS passaged in streptomycin
acquired a mutation in rpsL, the gene encoding the 30S
ribosomal protein S12. Early publications characterizing high

levels of streptomycin resistance in E. coli determined that
mutation of lysine 42 to asparagine, threonine or arginine in
the S12 protein conferred resistance (Funatsu and Wittmann,
1972). This finding was later extended to include lysine
43 in E. coli as well as an array of other bacteria after
additional work revealed streptomycin interactions directly
with the lysine residues at this location of the S12 protein
(Sreevatsan et al., 1996; Barnard et al, 2010; Miskinyte and
Gordo, 2013). While these amino acid substitutions of RpsL
abolish the interaction with streptomycin, the polar substitutions
of threonine and asparagine display a restrictive phenotype
thereby increasing the fidelity of aminoacyl-tRNA (Sharma
et al,, 2007). Interestingly, the mutation in rpsL resulting in
Lys43Arg was one of only two mutations identified in the
Fn background. This finding is consistent with the reported
non-restrictive phenotype of the Lys42Arg mutation in the
S12 protein and may help explain the lack of mutational
diversity observed in the Fn StrepR panel. Further, it is possible
that the selection pressure applied by streptomycin forced
the mutation of rpsL early during exposure, and this allele
became fixed in the population during subsequent passaging
(Heinemann, 1999; Vuilleumier et al., 2008; Baquero et al., 2013).
Taken together, these findings potentially explain why relatively
few mutations were identified in Fn despite serial passages
in streptomycin.

Additional work has identified Lys88 in the S12 protein as a
key residue responsible for spontaneous drug resistance in E. coli,
as frequent mutations K88Q and K88R have been associated
with streptomycin resistance (Springer et al., 2001; Benitez-Paez
et al., 2014). Consistent with these studies, the K88R mutation
in the S12 protein was identified in the LVS StrepR panel in our
study. Interestingly, a stretch of single bp changes and deletions
were observed in rsmG, encoding the ribosomal RNA small
subunit methyltransferase G. The rsmG allele is annotated as a
pseudogene in the LVS genome, and these mutations are located
downstream of the premature stop codon, making it highly likely
this protein is inactive in our strains. Multiple studies have
recently demonstrated that loss of RsmG activity confers low-
level streptomycin resistance that gives rise to mutations resulting
in high-level resistance (Nishimura et al., 2007; Benitez-Pdez
et al.,, 2014). One of these synergistic mutations was identified as
the K88R allele of the S12 protein (Benitez-Péez et al., 2014).

Several LVS StrepR variants were found to contain a Trp18Leu
substitution in the MFS transporter. MFS transporters facilitate
the transfer of a wide range of small molecules substrates across
the cell membrane including amino acids, sugars, oxyanions,
and large peptides. However, in bacteria, MFS transporters are
mostly credited as nutrient transporters and drug efflux pumps
(Schuldiner, 2018; Kumar et al., 2020). Previous work has shown
that MFS transporters play an essential role in F. tularensis
virulence by influencing nutrient acquisition within a host cell,
and that inactivation of key MFS transporters results in attention
in vivo in both Type A and B strains (Pérez et al., 2016; Balzano
et al., 2018). Given the mild attenuation observed in the StrepR
LVS strains, it is likely that this transporter functions as an efflux
pump, though further work is required to identify the substrate
of the MFS transporter identified in these strains.
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Off-Pathway Mutations Discovered in

Streptomycin Resistant Strains

No off-pathway mutations were found in the Fn StrepR surrogate
panel. However, the LVS StrepR panel contained a multitude
of off-pathway mutations, the majority of which were found in
pseudogenes and transposases (discussed below). Two exceptions
were mutations in the NAD(P)/FAD-dependent oxidoreductase
and a hypothetical protein, neither of which have been previously
reported to be involved in antibiotic resistance. Several LVS
StrepR mutations were found in or nearby transposase genes,
including four in IS630 family transposases and one in an
IS5/ IS1182 family transposase, all of which were annotated
as pseudogenes. Moreover, the LVS CipR panel contained a
frameshift in the gene encoding for an IS630 family transposase,
similar to several LVS StrepR strains. The complete genome
sequence of F. tularensis Schu S4 was reported to have an
abundance of IS elements, the most common of which were
IS630 family (ISFtul) with 50 copies, and IS5 family (ISFtu2)
with 16 copies (Larsson et al., 2005). It is possible that mutations
frequently occurred in the IS elements because they are prevalent
in the genome or that these regions tend to have higher mutation
frequencies in general.

Ciprofloxacin Resistance Decreases the
Biofilm Forming Capacity of Fn

The prevailing model is that biofilm formation allows Francisella
to adapt and persist in an aquatic environment or vector reservoir
(Mahajan et al,, 2011; van Hoek, 2013). It is well established that
biofilm enhances the ability of bacteria to cope with antibiotic
stress (Chung et al., 2014; Siebert et al., 2019, 2020). Opposing
this dogma, a link between quinolone resistance and biofilm
forming capacity has been identified in several gram-negative
bacteria including E. coli, Klebsiella pneumonia, Pseudomonas
aeruginosa, and Salmonella enterica, with most studies reporting
a decreased biofilm capacity as resistance to quinolones increases
(Fabrega et al., 2014; Cepas et al., 2018). In Salmonella, this
has been attributed to decreased expression of type 1 fimbriae
and the csg loci encoding curli, though Francisella appears
to lack both of these systems (Vila and Soto, 2012; Fabrega
et al., 2014). Despite this, our results are consistent with these
studies as we found that Fn CipR mutants displayed a delay
in biofilm development and failed to reach wild-type levels.
Ahmed and colleagues found that passaging P. aeruginosa in
low-levels of ciprofloxacin either planktonically or in a biofilm
resulted in CipR strains harboring different mutations, likely
due to differences in selection pressures applied during a given
lifestyle (Ahmed et al., 2018). Mutations identified in our study
that overlap with Ahmed et al. (2018) were found in the Mex
transporter family, gyrA and gyrB. Interestingly, the latter of
these mutations were only identified in planktonically grown
cultures, which is similar to how the strain panel in this study was
constructed. Additional work in P. aeruginosa has suggested that
these classic fluoroquinolone mutations in gyrA are permitted to
occur due to secondary mutations in other genes, which in at least
one instance has come at the cost of enzymes involved in cyclic-
di-GMP signaling altering biofilm formation (Wong et al., 2012).

Indeed, it has been convincingly demonstrated that cyclic-di-
GMP is necessary for stimulating biofilm formation in F. novicida
(Zogaj et al., 2012). In contrast, LVS lacks this signaling pathway,
which likely accounts for its decreased biofilm capacity relative
to F. novicida (Zogaj et al., 2012; van Hoek, 2013). With this in
mind, further work is needed to investigate this possibility as our
data show that Fn CipR strains can still form biofilm, but in a
reduced capacity under an altered membrane composition.

Antibiotic Resistance Obtained by
Natural Selection Leads to Attenuated

Virulence in Fn and LVS

In our study, we sought to determine the effect of antibiotic
resistance acquisition by serial passaging on virulence of the
LVS and Fn strains using a macrophage replication assay and a
murine model of intranasal infection. We showed that both CipR
and StrepR F. novicida were significantly altered in replication
in macrophages. However, CipR LVS strains had more variable
levels of replication but most displayed a general trend for
decreased intracellular replication. Interestingly, streptomycin
resistance in LVS had no effect on replication in macrophages.
Virulence studies using BALB/c mice showed similar patterns
of attenuation as in the macrophage model, with Fn CipR
isolates, and to a lesser extent Fn StrepR strains, showing
significant attenuation. Similarly, the LVS CipR strains exhibited
substantially more attenuation in mice, while the StrepR strains
were mildly affected. Overall, these studies demonstrate that
CipR strains were much more attenuated in macrophages
and mice than StrepR strains, indicating the development
of ciprofloxacin resistance obtained as described here may
have broader impacts on virulence than that of streptomycin.
A recent study demonstrated that deletion of TolC had significant
impacts on both resistance profiles and virulence of F. tularensis
Schu$4, suggesting a link between both antibiotic resistance and
pathogenicity (Kopping et al., 2019). Similarly, the AcrB RND
efflux protein from LVS was shown to be required for both
B-lactam resistance and full virulence in mice (Bina et al., 2008).
These studies support a dual role for multi-drug resistant efflux
pumps in antibiotic resistance and virulence. The mutations
in AcrA/B and TolC found in our study could account for
some of the attenuation seen in the Fn and LVS CipR strains,
although the strains in our panel contained single amino acid
substitutions that increased resistance, as opposed to genetic
deletions that increased antibiotic susceptibility of the strains. To
our knowledge, this is one of the first studies to examine the link
between naturally acquired antibiotic resistance and virulence in
Francisella spp.

The acquisition of antibiotic resistance in bacteria is often
accompanied by defects in fitness (Beceiro et al.,, 2013) which
may explain the attenuation observed in our CipR and StrepR
panel. However, this occurrence is highly species-dependent, with
fluoroquinolone resistance coming at a cost to some organisms
(i.e., Salmonella enterica and Acinetobacter baumannii), but not
others (i.e., Pseudomonas aeruginosa and E. coli). The fitness
cost also depends on the type of mutation. For example, it
was shown in E. coli that streptomycin resistance acquired
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through mutations in ribosomal methyltransferases has no fitness
cost, while ribosomal mutations come at a cost (Andersson
and Levin, 1999; Gutierrez et al., 2012). In an elegant study,
Marcusson et al. (2009) constructed 28 isogenic E. coli strains
with combinations of up to five fluoroquinolone resistance
mutations to examine the relationship between resistance and
fitness. They found that fitness was affected by the nature of
the mutations involved, rather than the number of mutations,
and that it was possible for strains to gain high resistance
levels with little compromise in fitness (Marcusson et al,
2009). Interestingly, a review by Fuzi et al. (2020), highlights
that recent clonal expansion of diverse multi-drug resistant
pathogens, including hospital-associated methicillin-resistant
Staphylococcus aureus and extended spectrum f-lactamase-
producing Klebsiella pneumoniae and E. coli, was likely driven
by increased use of fluoroquinolones in recent decades (Fuzi
et al., 2020). The studies summarized within demonstrate that
fluoroquinolone resistance typically result in QRDR mutations
or enhanced efflux activity that come at a fitness cost. However,
major clones that had evolved energetically favorable QRDR
mutations, were able to regain fitness and replace the minor
clones (Fuzi et al., 2017, 2020).

It is currently unknown how these resistance mechanisms
specifically affect fitness and virulence in Francisella spp.
Alternatively, the different off-pathway mutations identified in
CipR and StrepR strains could account for this. Indeed, several
mutations were found in known or putative virulence factors,
including Slt (cell wall biosynthesis), WbtC and LptE (LPS
biosynthesis), and TolC (drug transport). It is important to note
that the attenuation observed in some resistant isolates may
be the result of passage in culture giving rise to attenuating
mutations, rather than a result of the antibiotic selection
itself. However, no overlapping mutations were found in
CipR and StrepR strains, which suggests this is likely not
the case. A recent investigation into the amplification of low
frequency mutations during the passaging of F. tularensis without
antibiotics further argues against this concept, since SNPs and
small deletions were mainly found in capsule synthesis genes
(Dwibedi et al., 2020). Further studies utilizing single mutants are
required to determine the extent that the individual mutations
contribute to attenuation.

Antibiotic Resistant Mutations for

Identification of Future Drug Targets

A major strength of this study and other studies focused on
deriving antibiotic resistant isolates is that off-target mutations
are often important in cellular functions and can be sensitive
to environmental stressors, like antibiotic selection, allowing for
the identification of new drug targets. As a proof of principle,
the sit gene identified in this study was found to be necessary
for maintaining cell growth, morphology, and virulence and
morphology of F. novicida (Bachert et al., 2019). Interestingly,
the sit gene could be mutated in F. novicida, but not in LVS or
F. tularensis Schu S$4 strains, supporting slt as an essential gene in
these species and an ideal therapeutic target (Bachert et al., 2019;
Ireland et al., 2019). The mutation identified here likely does not
inactivate the enzyme, given that it is essential in LVS, and that

the mutation was found outside of the cluster of residues thought
to be required for sugar binding and catalytic activity. Previous
work in our laboratory also identified the presence of a frameshift
mutation in the kdsD gene in a ciprofloxacin resistant variant of
F. tularensis Schu S4. The kdsD gene encodes an enzyme involved
in LPS biosynthesis, and a Schu $4 mutant was attenuated in mice
(Chance et al., 2017). Current studies in our laboratory are aimed
at assessing the therapeutic potential of KdsD. Numerous other
studies have identified potential therapeutic targets for tularemia
via the development of antibiotic resistant panels, including the
FupA/B fusion protein (Siebert et al., 2019), WbtQ and WbtH
proteins involved in LPS biosynthesis, and FTN_1029, encoding
a protein involved in isoprenoid biosynthesis, necessary for cell
wall synthesis and membrane fluidity (Caspar et al., 2017). These
experiments enable us to understand how Francisella species
and perhaps other gram-negative pathogens may respond to
antibiotics and allow us to develop new strategies to overcome
antibiotic resistance.
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