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Francisella tularensis is the causative agent of tularemia and has gained recent interest
as it poses a significant biothreat risk. F. novicida is commonly used as a laboratory
surrogate for tularemia research due to genetic similarity and susceptibility of mice
to infection. Currently, there is no FDA-approved tularemia vaccine, and identifying
therapeutic targets remains a critical gap in strategies for combating this pathogen.
Here, we investigate the soluble lytic transglycosylase or Slt in F. novicida, which belongs
to a class of peptidoglycan-modifying enzymes known to be involved in cell division.
We assess the role of Slt in biology and virulence of the organism as well as the
vaccine potential of the slt mutant. We show that the F. novicida slt mutant has a
significant growth defect in acidic pH conditions. Further microscopic analysis revealed
significantly altered cell morphology compared to wild-type, including larger cell size,
extensive membrane protrusions, and cell clumping and fusion, which was partially
restored by growth in neutral pH or genetic complementation. Viability of the mutant
was also significantly decreased during growth in acidic medium, but not at neutral
pH. Furthermore, the slt mutant exhibited significant attenuation in a murine model
of intranasal infection and virulence could be restored by genetic complementation.
Moreover, we could protect mice using the slt mutant as a live vaccine strain against
challenge with the parent strain; however, we were not able to protect against challenge
with the fully virulent F. tularensis Schu S4 strain. These studies demonstrate a
critical role for the Slt enzyme in maintaining proper cell division and morphology in
acidic conditions, as well as replication and virulence in vivo. Our results suggest
that although the current vaccination strategy with F. novicida slt mutant would not
protect against Schu S4 challenges, the Slt enzyme could be an ideal target for future
therapeutic development.
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INTRODUCTION

Francisella tularensis is a Gram-negative coccobacillus which
causes the disease tularemia, or “rabbit fever” in humans. Rabbits
and several rodents are the primary reservoir, but this organism
has also been found in a wide range of mammals and birds.
Infection mainly occurs via the bite of an infected tick, deerfly,
or mosquito, resulting in the ulceroglandular form of disease.
Francisella primarily infects macrophages, which are thought to
be the major reservoir for the bacteria in vivo and critical for its
ability to cause disease in animals and humans (McLendon et al.,
2006). However, Francisella has been shown to replicate in other
cell types, including human lung epithelial cells, dendritic cells,
neutrophils, fibroblasts, and hepatocytes (Ben Nasr et al., 2006;
Melillo et al., 2006; Qin et al., 2009; Horzempa et al., 2010; Law
et al., 2011; Schwartz et al., 2012; Bradburne et al., 2013).

Francisella tularensis is comprised of two subspecies that cause
disease in humans, tularensis (type A) and holarctica (type B).
F. tularensis subsp. tularensis is highly virulent and causes disease
primarily in North America, while F. tularensis subsp. holarctica
is common throughout the Northern hemisphere and causes a
less severe disease (Ellis et al., 2002). A third subspecies, novicida,
rarely causes disease in humans, but is commonly used as a
surrogate strain for fully virulent F. tularensis. It has a high
degree of genetic similarity, can infect macrophages, produces
disease in mice, and can be handled under BSL-2 conditions
(Kingry and Petersen, 2014).

The Centers for Disease Control and Prevention reported
approximately 1,800 cases of tularemia in the United States
during 2006 to 2016, most occurring in the mid-western and
northeastern states1. While the overall incidence of naturally
acquired tularemia cases is low, recent decades have seen a
renewed interest in F. tularensis due to its potential to be
used as a bioweapon. The bacteria can be easily obtained
from the environment and aerosolized, has an infectious
dose reported to be as low as a single bacterium, and no
Food and Drug Administration (FDA)-approved vaccine is
available (Jones et al., 2005; Kingry and Petersen, 2014). If
left untreated, tularemia has a mortality rate of up to 60%
(McCrumb, 1961). Tularemia has been traditionally treated
through antibiotic therapy with streptomycin, doxycycline,
or ciprofloxacin, although newly available antibiotics such as
ketolids, tigecycline, and fluoroquinolones are currently being
evaluated for treatment (Boisset et al., 2014). The development
of antibiotic resistance in Francisella, either naturally acquired
or purposely engineered, is a significant concern from a
biodefense standpoint. The latter has been frequently described
in the literature (Gestin et al., 2010; Loveless et al., 2010;
Sutera et al., 2014).

A live vaccine strain (LVS), derived from F. holarctica, was
developed by the former Soviet Union. In the United States,
the LVS vaccine is only available as an investigational vaccine
(Oyston and Quarry, 2005). Additionally, there are several
concerns about LVS which has hindered its licensure by
the FDA. These concerns include potential reversion of the

1https://www.cdc.gov/tularemia/statistics/index.html

strain back to a virulent state, as the exact basis for loss of
virulence is unknown, and possible breakthrough in protection
(Eigelsbach and Downs, 1961; Saslaw et al., 1961; Hornick
and Eigelsbach, 1966). However, for intracellular pathogens
such as Francisella, live-attenuated vaccines could potentially
provide better protection than a subunit vaccine. Live attenuated
vaccines establish mild infections in the host, mimicking the
infection of fully virulent wild-type strains and presenting
appropriate antigens to the host immune system to induce
durable antibody and cell-mediated immune responses (Drabner
and Guzman, 2001). Genetically engineered bacterial strains
can have well-defined mechanisms of attenuation, making them
safer, better-characterized alternatives as candidate live vaccine
strains (Bozue et al., 2012). For instance, numerous deletion
mutants have been generated in Francisella strains and tested
as live vaccine candidates to protect against tularemia. Several
defined mutants of Francisella have shown promise for protection
in several tularemia models (Qin et al., 2009, 2011; Twine
et al., 2012; Golovliov et al., 2013; Chu et al., 2014; Jia and
Horwitz, 2018). While significant progress has been made in
understanding the virulence of this organism, additional efforts
are needed to identify novel targets, such as cell replicative
enzymes, for development of medical countermeasures.

Cell division in Gram-negative bacteria is accomplished
through the coordinated actions of penicillin binding
proteins (PBPs) and other peptidoglycan-modifying enzymes.
These enzymes harbor functions including transpeptidase,
carboxypeptidase, lysozyme, and lytic transglycosylase activities.
Redundancy of one or more of these enzymes is commonly
observed in many bacterial species, i.e., multiple PBPs in a
single organism. The lytic transglycosylases (LTs) are a class
of enzymes which recycle peptidoglycan via cleavage of the
β-1,4-glycosidic bond between N-acetylglucosamine and
N-acetylmuramic acid residues, while also forming glycosidic
bonds with the C6 hydroxyl group of the muramic acid (Dijkstra
and Thunnissen, 1994; Scheurwater et al., 2008). These activities
allow elongation and separation of the daughter cells. Several
reviews highlight the role of LTs in allowing expansion of
the sacculus and septum splitting to form daughter cells,
peptidoglycan turnover, and also incorporation of pili and
secretion systems (Dijkstra and Thunnissen, 1994; Scheurwater
et al., 2008; Dik et al., 2017). Moreover, peptidoglycan-modifying
enzymes have been recommended as promising targets for
antibiotics (Liu and Breukink, 2016).

Given the importance of LTs in maintaining cell structure
and proper cell division, as well as its potential for antimicrobial
targeting, we investigated the importance of the soluble lytic
transglycosylase (Slt) in Francisella. Initial efforts in our
laboratory were focused on mutating the slt gene in LVS and
F. tularensis SchuS4 strains. Strategies including Targetron-based
mutagenesis and in-frame deletion via suicide plasmids were
unsuccessful in both LVS and SchuS4, indicating slt is likely
essential for survival in these organisms. Therefore, in order to
assess the function of Slt, we utilized an F. novicida slt mutant
isolated from an existing transposon library (Gallagher et al.,
2007). We show that the loss of the slt gene in F. novicida
significantly affected growth, viability, and cell morphology
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in a pH-dependent manner, demonstrating its importance
in maintaining cell physiology. We found that inactivation
of slt resulted in significantly attenuated virulence in both
macrophages and mice. Moreover, we show that vaccination of
mice with the mutant strain protected against challenge with
the wild-type (WT) F. novicida strain but not against challenge
with the F. tularensis Schu S4 strain. Overall, we demonstrate the
impact of this enzyme in the biology and virulence of Francisella.

MATERIALS AND METHODS

Bacterial Strains
All strains and plasmids used in this study are listed in Table 1.
Escherichia coli NEB Turbo cells (New England Biolabs, Ipswich,
MA, United States) were used for cloning purposes. E. coli was
propagated in Luria-Bertani broth or agar supplemented with
ampicillin at 100 µg/ml, hygromycin at 200 µg/ml, or kanamycin
at 20 µg/ml as necessary. All cultures were grown at 37◦C.

Francisella tularensis subsp. tularensis Schu S4 and LVS,
derived from F. tularensis subsp. holarctica, were utilized for
initial mutagenesis studies. F. tularensis subsp. novicida strain
U112 and transposon derivatives (Gallagher et al., 2007) (BEI)
were used in this study (Table 1). F. novicida transposon
mutants NR-6234 and NR-6640 have T20 inserted into the slt
ORF at bp position 930 or 479, respectively. The F. novicida
slt gene is 1977 bps in length, therefore the strain with the
transposon inserted closer to the 5′ end was pursued for further
studies. For routine growth of F. tularensis species, bacteria
were grown on enriched chocolate agar plates obtained from
RemelTM (product number R01300; Lenexa, KS, United States).
When necessary, agar was supplemented with kanamycin at

TABLE 1 | Strains and plasmids used in this study.

Source

E. coli

NEB Turbo Cloning strain NEB

F. novicida

U112 strain F. tularensis subsp.
novicida

ATCC 15482 (Ellis
et al., 2002)

slt::T20 Inactivated slt (BEI
catalog # NR-6640)

BEI (Gallagher
et al., 2007)

slt::T20 with pMP822+slt Complemented
slt::T20

This study

F. tularensis

Schu S4 Fully virulent Type A
strain

USAMRIID
collection

F. holarctica

LVS Live vaccine strain USAMRIID
collection

Plasmids

pMP822 Complementation
plasmid

LoVullo et al., 2009

pMP822+slt Plasmid containing
the intact Fn slt
gene

This study

10 µg/ml and/or hygromycin at 200 µg/ml. As indicated,
F. novicida was grown in broth culture in Chamberlain’s Defined
Medium (CDM) (Chamberlain, 1965) or brain heart infusion
(BHI) supplemented with 1% IsoVitaleXTM (Becton Dickinson,
Cockeysville, MD, United States).

Mutagenesis
Mutagenesis studies were carried out utilizing the LVS and
F. tularensis Schu S4 strains. Two plasmid constructs were
designed to generate interruptions at positions 267 or 418 within
the slt open reading frame (ORF), respectively, via group II intron
incorporation using the Targetron gene knockout system, as
previously described (Rodriguez et al., 2008). Francisella strains
were grown to mid-logarithmic phase in BHI supplemented with
1% IsoVitaleX, then thoroughly washed with 0.5 M sucrose.
Electroporations were carried out using a Bio-Rad Gene Pulser
Xcell for 2.5 kV, 25 µF, and 600 �, followed by recovery in BHI
with IsoVitaleX for up to 3 h at 30◦C and 200 rpm. Transformants
were selected on chocolate agar plates containing kanamycin.
Intron and gene-specific primer pairs were used in PCR to screen
for insertions, and colonies containing both WT (wild-type) and
mutant alleles were passaged at 30◦C and re-screened for loss
of the WT allele.

In-frame deletion of the slt allele was attempted using
pMP590, a Francisella suicide vector containing the sacB
counterselectable marker, modified to include a 1,680 bp deletion
in slt, with approximately 1 kb flanking homologous sequences
for recombination (LoVullo et al., 2006). Electroporation was
carried out as described above, with the exception that cells were
recovered and grown at 37◦C. Kanamycin-resistant colonies were
further passaged onto chocolate agar containing up to 8% sucrose
to promote the second recombination event and resolution of
the WT allele. PCR screening was performed to determine the
presence of WT and mutant alleles.

Complementation
To demonstrate that observed phenotypes observed
for the F. novicida slt mutant was due specifically to
inactivation of this gene, the functional slt gene was PCR
amplified and cloned into shuttle vector pMP822 (LoVullo
et al., 2009), using primers AW25_RS01533_compF (5′-
acacggtccgttaagctaaatatactaatttttgcg) and AW21_RS06205_
compR (5′- aatcccgggatcaaatatgtagataatctcagcc) containing RsrII
and SmaI sites, respectively. Plasmid sequence was confirmed by
Sanger sequencing. The slt mutant strain was transformed with
pMP822+slt via electroporation as described above (LoVullo
et al., 2006). Cells were recovered for up to 3 h at 37◦C and
200 rpm, and transformants were selected on chocolate agar
plates containing both kanamycin and hygromycin.

Growth Curves
Growth assays were performed in CDM adjusted to pH 5.0,
6.2, or 7.0, or in BHI broth supplemented with 1% IsoVitaleX.
Assays were performed using an Infinite M200 Pro (Tecan;
Männedorf, Switzerland) microplate reader in 96-well microtiter
plates at 37◦C with shaking. The OD600 was measured every
60 min. For all assays, F. novicida strains were grown for 18 h
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on chocolate agar plates and then resuspended in broth medium
to an equal OD600. Three independent growth assays were
performed, with quadruplicate wells for each strain. Medium
controls were included to confirm sterility and for use as blanks
to calculate the absorbance of the cultures.

Scanning Electron Microscopy (SEM)
Francisella novicida strains were grown in CDM to mid-
logarithmic phase (OD600 ∼0.5), and fixed with 1%
glutaraldehyde and 4% formaldehyde in cacodylate buffer.
A droplet of each bacteria was applied to a poly-L lysine coated
glass coverslip for 5 min at room temperature to allow for
bacteria to attach to the coverslip and briefly fixed with 2%
glutaraldehyde. After, the samples were rinsed in cacodylate
buffer, post fixed for 1 h at room temperature in cacodylate
buffer containing 1% osmium tetroxide, stained with ethanolic
uranyl acetate, and dehydrated in a graded series of ethanol.
Samples were rinsed at least three times in 100% ethanol before
being critically point dried. Samples were then mounted on
aluminum stubs, sputter coated with platinum and then imaged
in the Zeiss Sigma VP scanning electron microscope at various
magnifications. Preparation of bacteria and SEM analysis was
performed from two independent bacterial cultures for each
strain, and yielded similar results.

Live/Dead Assay and Confocal
Microscopy
Francisella novicida strains were grown for 18 h on chocolate
agar plates and resuspended in CDM adjusted to either pH 5.0
or 7.0 to an OD600 of ∼0.5. A volume of 1 mL was removed for
initial viability assessment, and the remaining cell suspension was
used to inoculate CDM to a starting OD600 of ∼0.05. Cultures
were grown to mid-logarithmic phase, ∼6 h, and cell staining
was performed using the LIVE/DEAD R© BacLightTM Bacterial
Viability kit (Life Technologies, Grand Island, NY, United States)
in accordance with the manufacturer’s protocol. Briefly, bacteria
were incubated in 0.17 mM Syto 9 and 1.8 mM propidium iodide
(PI) for 5 min prior to imaging. Fluorescent and differential
interference contrast (DIC) images were taken on the Zeiss 700
Laser Scanning Confocal Microscope System using a 100 × 1.4
numerical aperture oil objectives lens with the pinhole set to 1
Airy unit. Dead bacteria counts include those that stained with PI
and lysed bacteria that do not stain with either dye. Images were
collected from three independent experiments, wherein a range
of 100–500 cells were counted per sample.

In vitro Susceptibility Assays
The minimal inhibitory concentrations (MICs) for polymyxin
B were determined by the E-test procedure (Biomerieux, Inc.,
Marcy-l’Étoile, France) on chocolate agar. Results were read after
incubation for 24 h at 37◦C and are expressed in mg/L. Sensitivity
of strains to Tween 20, Triton X-100, sodium dodecyl sulfate, and
sodium deoxycholate were tested via disk diffusion, and zone of
inhibition was measured after incubation for 24 h at 37◦C. Results
are representative of at least three independent experiments
where three E-tests or disks were tested for each strain.

Macrophage Assays
J774A.1 cells, a murine macrophage-like cell line obtained
from the American Type Culture Collection, were seeded
(∼2.5 × 105 cells/well) into 24-well plates and cultured 24 h
(37◦C, 5% CO2) at which time the cells had formed confluent
monolayers. The cells were maintained in Dulbecco’s Modified
Eagle’s medium (D-MEM, Corning #10-013-CV) with 4.5 g/L
glucose, L-glutamine, and sodium pyruvate, supplemented with
10% heat-inactivated fetal bovine serum (FBS) and additional
L-glutamine (HyClone, #SH30034.01). For the intracellular
assays, F. novicida was suspended in phosphate buffered saline
(PBS) from an 18 h plate, respectively, and then diluted 1:5
in tissue culture medium. 200 µL of the bacterial suspension
was added to the macrophages to achieve a multiplicity of
infection (MOI) of ∼100:1, and the MOI was confirmed from
this suspension by serial dilutions and plating on chocolate
agar plates. The bacteria and macrophages were allowed to
co-incubate for 2 h at 37◦C with 5% CO2. Next, the medium
containing the extracellular bacteria was aspirated and replaced
with fresh tissue culture medium supplemented with 25 µg/ml of
gentamicin for an additional 2 h. After this incubation, samples
from the tissue culture wells were washed three times with PBS.
The monolayer was then lysed with 200 µl of sterile water,
immediately scraped, and suspended in 800 µl of PBS. The
suspension was serially diluted in PBS and plated onto chocolate
agar plates. The remaining tissue culture wells were assayed for
CFU recovery at the 24 h post-challenge time point as described
above. Replicate data from three separate experiments were
normalized for comparing strains by determining the difference
in percent CFU recovery between the assayed 4 and 24 h
time points. Each experiment was performed in triplicate wells,
wherein CFU counts were averaged from two plates per well.

Animal Challenges
To determine the ability to cause infection, groups of 10
BALB/c mice (6–8 weeks-old and obtained from Charles River
Laboratories; Frederick, MD, United States) were challenged via
the intranasal route. Mice were anesthetized with approximately
150 µl of ketamine, acepromazine, and xylazine injected
intraperitoneally and challenged by intranasal instillation with
50 µl of F. novicida suspended in PBS from 18 h grown freshly
from swabbed plate cultures. Challenge doses were determined by
serial dilutions in PBS and plating on chocolate agar. Mice were
monitored several times each day for 21 days, and mortality rates
(or euthanasia when moribund) were recorded. For re-challenge
studies, mice surviving the initial F. novicida slt exposure (n = 10,
and n = 6 for the 620 CFU group) were challenged intranasally
after 28 days with the F. novicida parent strain or the F. tularensis
Schu S4 strain. Survival was followed for 14 days after challenge.
For dissemination experiments, infected mice were sacrificed at
specific time points post-challenge, and spleens and lungs were
harvested to determine bacterial CFU counts.

Spleen Cell Preparation
Spleens were excised from mice and homogenized in
CTL-medium (Cellular Technology Limited, Cleveland,
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OH, United States) to make the spleen extract. The spleen
homogenate was diluted with CTL-medium and cells pelleted
by centrifugation at 1,200 rpm for 10 min. Red blood cells
in the spleen homogenate were lysed with 4 ml of ACK
(Ammonium-Chloride-Potassium) Lysing Buffer (Gibco,
Grand Island, NY, United States) for 5 min after which the
homogenate was diluted with 10 ml CTL-medium to stop
lysis. Large particulates were allowed to settle and supernatant,
containing splenocytes, was poured off and centrifuged at
1,200 rpm for 10 min. The splenocytes were re-suspended in
CTL-medium and counted.

Cytokine/Chemokine Expression
Cytokines and chemokines in mouse splenocytes were measured
by Luminex Mag Pix (Life Technology, Grand Island, NY,
United States) as per manufacturer’s instructions. Samples were
collected from BALB/c mice infected intranasally with mock/PBS
(n = 5), 10 (n = 5), 94 (n = 5), and 935 (n = 3) CFU Fn slt mutant.
Splenocytes were seeded at a concentration of 106 cells/well in
the presence of stimuli (medium only, irradiated F. novicida slt,
irradiated F. tularensis Schu S4) in complete medium [RPMI
1640 medium containing 10% heat-inactivated fetal calf serum
(Life Technology), 1 mM sodium pyruvate, 0.1 mM non-essential
amino acids, 100 U/ml of penicillin, 100 µg/ml streptomycin,
and 50 µM 2-mercaptoethanol] and incubated for 48 h at
37◦C. Supernatants were harvested 48 h post and the levels
(pg/ml) of the following cytokines/chemokines were measured
in quadruplicate using ProcartaPlex Mo Cytokine/Chemokine
Panel 1A 36plex (Invitrogen, 360-26092-901): IFN gamma;
IL-12p70; IL-13; IL-1 beta; IL-2; IL-4; IL-5; IL-6; TNF alpha;
GM-CSF; IL-18; IL-10; IL-17A; IL-22; IL-23; IL-27; IL-9; GRO
alpha; IP-10; MCP-1; MCP-3; MIP-1 alpha; MIP-1 beta; MIP-2;
RANTES; Eotaxin; IFN alpha; IL-15/IL-15R; IL-28; IL-31; IL-1
alpha; IL-3; G-CSF; LIF; ENA-78/CXCL5; M-CSF. We reported
only on the cytokines/chemokines that showed statistically
significant change relative to mock/PBS control group re-
stimulation during the study.

Enzyme-Linked Immunospot (ELISPOT)
Mouse IFN-γ enzymatic ELISPOT (Cellular Technology Limited,
Cleveland, OH, United States) assay was performed by seeding
purified splenocytes in the presence of stimuli as described
above. Briefly, 96-well plates were coated overnight at 4◦C with
80 µL/well capture anti-mouse IFN-γ monoclonal antibody.
Plates were washed once with 1× PBS. Irradiated F. novicida slt
or irradiated F. tularensis Schu S4 (5 µg/well) were re-suspended
in CTL-medium with 1% L-Glutamine in duplicate, and 100 µl
was added to each well. The plates were incubated at 37◦C, 9%
CO2 for 15 min. Splenocytes were resuspended in CTL-medium
with 1% L-Glutamine and seeded at 104 cells per well. Plates
were incubated for 24 h at 37◦C 9% CO2 and splenocytes were
removed and plates were washed twice with PBS alone and
then twice with 0.05% Tween in PBS (Tween-PBS). 80 µL/well
biotinylated detection anti-mouse IFN-γ monoclonal antibody
was added. After 2 h incubation at room temperature (RT), plates
were washed three times with Tween-PBS. 80 µl of Strep-AP
antibody solution was added to the wells, and the plates were

incubated for 30 min at RT. The plates were washed twice
with Tween-PBS and twice with deionized water. Development
reagents were added and incubated for 15 min at RT according to
manufacturer recommendations. The colorimetric reaction was
stopped by washing the plates three times with distilled water
and air drying overnight. Spots were scanned and analyzed using
an automated ELISPOT reader (CTL-Immunospot S6 Analyzer,
CTL, Germany). The T cell response was assessed as spot forming
cells (SFC), adjusted to 106 cells per well, which was automatically
calculated by the ImmunoSpot R© Software for each stimulation
condition and the medium only control.

Enzyme-Linked Immunosorbent Assays
(ELISA)
Sera were collected from BALB/c mice vaccinated with mock/PBS
(n = 5), 10 (n = 5), 94 (n = 5), and 935 (n = 3) CFU Fn slt
mutant. Immunoglobulin (Ig) class IgG, IgG1, and IgG2a titers
in challenged mice were determined by an ELISA performed in
96-well, Immulon 2 HB, round-bottom plates (Thermo Fisher
Scientific, Waltham, MA, United States), as described previously
(Trevino et al., 2018). Briefly, irradiated F. novicida slt and
F. tularensis Schu S4 cells used as antigens, were diluted in 0.1 M
carbonate buffer (pH 9.5) to a concentration of 10 µg/ml, and
50 µl of antigens were placed into wells. Plates were stored
overnight at 4◦C. The plates were washed with washing solution
(1× PBS, 0.05% Tween 20), and incubated with 100 µl of
blocking solution (1× PBS, 1% Casein) for 30 min at 37◦C.
Twofold dilutions of mouse sera were made with antibody assay
diluent (1× PBS, 0.25% Casein) in triplicate, and plates were
incubated for 1 h at 37◦C. After the plates were washed, 50 µl of
1/5,000-diluted anti-IgG-, anti-IgG1- or anti-IgG2a-horseradish
peroxidase conjugate (Southern Biotechnology Associates, Inc.,
Birmingham, AL, United States) was added to each well, and
plates were incubated for 30 min at 37◦C. After the plates
were washed, 50 µl of a buffered hydrogen peroxide and
3,3′,5,5′-tetramethylbenzidine solution (Pierce, Thermo Fisher)
was added to each well, and plates were incubated for 20 min
at 37◦C. The reaction was stopped with 25 µl of 2 N sulfuric
acid, and the amount of bound antibody was determined
colorimetrically by reading absorbance at 450 nm with a reference
filter (570 nm). The results are reported as the reciprocal of the
highest dilution giving a mean OD of at least 0.1 (which was at
least twice the background)± 1 SD.

Statistics
For comparing data from the sensitivity to inhibitor and CFU
recovery from macrophages, statistical significance (p < 0.05)
was determined by the two-tailed Student t-test. Growth analysis
of bacterial strains in broth media was analyzed as previously
described (Zwietering et al., 1990). A logistic growth equation
was used to fit the data as a function of maximum density, and
maximum growth rate. The resulting estimates were entered into
a two-way ANOVA to analyze the effect of pH and mutation. CFU
counts were compared between strains by one-way ANOVA,
applied to the log transformed data. For mouse challenge
experiments, LD50 values were determined by the Bayesian probit
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analysis, and association between median time to death and dose
is modeled by log-logistic parametric survival regression models.
For immune studies, comparison to control groups (PBS only)
was made by t-test applied to log transformed values.

RESULTS

To determine the role of the peptidoglycan-modifying Slt enzyme
in virulence of Francisella, we initially focused on mutagenesis
of the slt gene in LVS and the fully virulent F. tularensis Schu
S4 strains. Targetron-based mutagenesis was attempted using
two different plasmids targeting interruption of the gene in
positions 267 and 418 of the ORF. Colonies were obtained
only for the plasmid targeting position 418, and PCR screening
revealed the presence of both WT and intron-containing mutant
alleles. However, after passaging and subsequent screening of
at least 50 colonies, a pure mutant was not able to be isolated
(data not shown). Similarly, a pMP590-based suicide plasmid
containing an in-frame deletion of the slt gene with flanking
homologous sequences, failed to produce mutant colonies. At
least 12 co-integrates containing both WT and mutant alleles
were obtained from the initial electroporation, but subsequent
passaging on sucrose and screening of approximately 250
colonies for the second recombination event yielded only WT
revertants (data not shown). These results suggested slt is
an essential gene in LVS and F. tularensis. However, from a
transposon mutant library previously described in F. novicida,
a T20 transposon insertion in the slt gene occurred at
position 479 (Gallagher et al., 2007). Therefore, we focused
on the slt gene in F. novicida, a commonly used surrogate
for F. tularensis.

The slt gene in F. novicida, encoding the soluble lytic
transglycosylase, is 1,977 bp long and spans the positions
501311–503287 on the chromosome (FTN_0496). The slt gene
lies upstream of FTN_0497, encoding a hypothetical protein,
and downstream of FTN_0495, encoding a BNR (bacterial
neuraminidase repeat) repeat-like domain protein, both located
on the opposite strand. Therefore, slt is unlikely to be part
of an operon. A BLASTp search revealed the Slt protein
shares 24% sequence identity with the murein transglycosylase
Slt70 from E. coli and is part of the MltE superfamily (data
not shown). Slt70 has been shown to function as an exo-
muramidase, releasing disaccharides from the glucosamine end
of peptidoglycan fragments (Romeis et al., 1993). The amino
acid sequence of F. novicida Slt is shown in Figure 1A, with the
U-shaped U domain, linker (L) domain, and catalytic (C) domain
annotated. A homology model of the protein was generated
based upon the crystal structure of Slt70 from E. coli (van Asselt
et al., 1999) (Figure 1B). Conserved residues are shown in red
on the amino acid backbone; despite low sequence identity, the
proteins exhibited a similar structure, primarily dominated by
alpha-helices. The structural similarity suggests the F. novicida
Slt enzyme may have similar function to that of E. coli.

We obtained the F. novicida slt mutant from the
aforementioned transposon library, and complemented the
mutant in-trans using the pMP822 vector containing the parent

FIGURE 1 | Francisella novicida Slt homology model. (A) Amino acid
sequence of the mature F. novicida Slt protein; U domain, linker (L) domain,
and catalytic (C) domain are annotated in green, gray, and blue, respectively.
(B) Homology model of F. novicida Slt onto the structure of Slt70 from E. coli.
U, L, and C domains are color-coded according to sequence shown in (A).
Model was generated using Cn3D software v4.3.1 based on alignment of
F. novicida Slt with the crystal structure of Slt70 from E. coli (PDB accession
1QSA). The helix cylinders are color-coded according to the domains shown
in (A). The amino acid backbone is rendered according to identity; identical
residues in red and dissimilar residues in blue.
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slt allele. These strains were then utilized to investigate the
impact of slt inactivation on Francisella growth, cell biology, and
virulence in vivo. Moreover, we assessed the immune response
against the slt mutant and determined its efficacy as a vaccine
candidate to protect against challenge with either the parent
F. novicida or fully virulent F. tularensis Schu S4 strain.

Inactivation of slt Results in Significant
Growth Defects in Low pH Conditions
In order to determine the impact of the slt gene on cell growth,
we performed growth curves comparing F. novicida WT (Fn
WT), slt mutant (Fn slt), and complemented (Fn slt-C) strains
in both BHI broth and CDM. Our initial experiments revealed
a decrease in growth of the slt mutant in CDM, as measured
by optical density, while growth in BHI was similar to WT
(Figures 2A,C). Given the pH of standard CDM at 6.30 ± 0.1
versus BHI broth at pH 7.4± 0.2, we hypothesized the slt mutant
may have pH-dependent differences in growth (Chamberlain,
1965; Shanson and Singh, 1981). Therefore, growth of Fn WT,
slt, and slt-C strains were compared in CDM adjusted to pH
5.0, 6.2, and 7.0 and BHI broth. Optical density (OD) readings
across all three strains were similar in both BHI broth and
CDM pH 7.0 (Figures 2A,B). Interestingly, the slt mutant
consistently displayed ∼2–3-fold fewer CFU counts than WT or
complement strain when adjusted to the same OD (Figure 2,

bars at 0 h). However, in BHI broth, the CFU counts for
the mutant increased and were not significantly different as
compared to WT at points tested later in the experiment.
During growth in CDM adjusted to pH 7.0, we observed no
increase in CFU counts for Fn slt, even though growth kinetics
as assessed by OD mirrored WT and complement strains. In
CDM pH 5.0 and 6.2, the slt mutant was significantly affected
in growth by both OD and CFU measurements, while the WT
and complement strains had similar growth kinetics in all pH
conditions (Figures 2C,D). These results indicate the slt mutant
is significantly impaired for growth in CDM broth, especially at
lower pH conditions.

Scanning Electron Microscopy Analysis
of F. novicida slt Mutant Reveals Altered
Cell Morphology at Low pH
In order to determine how loss of the slt gene affects cellular
structure, SEM was performed on Fn WT, slt, and slt-C strains
grown in CDM pH 6.2 or 7. Wild-type cells grown at pH
6.2 and or 7 displayed typical coccobacilli appearance, with a
mixture of bacilli and cocci with a smooth surface appearance
(Figures 3A,D). At pH 6.2, Fn slt displayed dramatically
altered cell morphology including aberrant cell shapes and
sizes, rough surface appearance, and extensive clumping of cells

FIGURE 2 | Francisella novicida slt exhibits pH-dependent growth defects. F. novicida WT, slt, and slt-C were grown in BHI broth (A) and Chamberlain’s defined
medium adjusted to pH 7 (B), 6.2 (C), or 5 (D), and monitored by both optical density and plating for CFU at specific time points. OD600 nm readings are shown as
points with connecting lines, while CFU/mL at 0, 8, and 16 h growth are shown as bars. Results represent average with standard error of the mean based on
quadruplicate well measurements. These data are representative of at least three experiments. CFU counts were compared using one-way ANOVA applied to
log-transformed data; counts for the slt strain were significantly different from WT at 0, 8, and 16 h in all conditions tested (red bars). OD values were fitted to a logistic
growth equation, and fold-change was determined by two-way ANOVA; ∗P ≤ 0.01, slt compared to WT and slt-C, ∗∗P ≤ 0.001, slt compared to WT and slt-C.
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FIGURE 3 | Scanning electron microscopy analysis of Fn strains. Fn WT, slt, and slt-C strains were grown to exponential phase in CDM adjusted to pH 6.2 (top
panels; A–C), or pH 7.0 (bottom panels; D–F), and analyzed by SEM. Images were acquired under 10,000× magnification; scale bar, 1 µm.

(Figure 3B). In contrast to WT, slt cells were often larger
and more spherical, and exhibited tube-like surface protrusions
(Figure 4B, arrows). Additional high magnification images of the
slt mutant at pH 6.2 also show extensive tube-like membrane
projections (Figure 4B, arrows) and tube-like connections
between cells (Figure 4B, arrowheads), which may represent
outer membrane tubes. Significant ruffling of the slt mutant
cell surface is also apparent in the high magnification images,
in contrast to the smooth appearance of Fn WT cells grown
in the same conditions (Figure 4). Interestingly, growth of
Fn slt at pH 7 partially restored these defects, resulting

in more rod-shaped cells with smoother surface appearance,
although cocci with surface protrusions were still evident
(Figure 3E). Importantly, the slt-C strain was appreciably similar
to WT in both pH conditions, indicating complementation
had restored cell morphology (Figures 3C,F). However, a small
portion of the slt-C population had much longer rod-shaped
bacteria than WT.

Additionally, extensive fibrous material was observed in the
background of slt mutant pH 7 images, and to a lesser extent in
pH 6.2 images, while absent in the other strains. The significance
of this material is unknown, but is not likely to be an artifact

FIGURE 4 | Surface structure and morphology of Fn strains. Fn slt cells grown in CDM pH 6.2 show significantly ruffled surface structure and fusion of cells
(B, arrowheads), as well as tube-like surface projections (B, arrows). Equal magnification images of Fn WT (A) and Fn slt-C (C) strains grown in CDM pH 6.2 show
smooth surface appearance of cells and uniform appearance. Images were acquired under 30,000× magnification; scale bar, 0.5 µm.
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of sample preparation since all samples were processed at the
same time. Overall, these SEM studies uncover a critical role
for Slt in maintaining proper cell shape and cell division in
low pH conditions.

F. novicida slt Exhibits Reduced Cell
Viability During Growth in Low pH
Conditions
As shown above, the slt mutant demonstrated decreased CFU
recovery during growth in CDM. Two potential reasons for this
are decreased cell viability or clumping of the cells. SEM analysis
showed the slt mutant had increased clumping. To assess whether
viability was also affected, we utilized LIVE/Dead staining on Fn
strains grown in CDM adjusted to pH 5.0 or 7.0. Representative
confocal images and percent change in viability from 0 to 6 h for
each sample are shown in Figure 5. Viability of the slt mutant
in CDM pH 5.0 exhibited a significant decrease of 60%, while the
viabilities for Fn WT in both pH conditions increased slightly (2%
in pH 5, 6% in pH 7).

At neutral pH, the slt mutant showed a slight decrease
of viability, which was not significantly different from WT.
Additionally, on average, the initial viability of the slt mutant was
slightly lower than WT, ∼80% compared to ∼90%, which may
elucidate why initial CFU counts for the slt mutant ran slightly
lower than WT at equivalent OD values. Additionally, and in
agreement with SEM results, we observed increased cell sizes
of the slt mutant at 0 h compared to WT, which continued to
expand at 6 h (Figure 5A). This likely explains the reduced CFU
counts of the slt mutant in previous growth curves, despite the
increase in OD values.

The F. novicida slt Mutant Exhibits
Altered Antimicrobial Sensitivities
In order to determine the impact of slt inactivation on
susceptibility to antimicrobials and membrane integrity, the
MIC of polymyxin B was assessed using E-tests. Interestingly,
the slt mutant displayed an increased resistance to polymyxin
B, with an MIC of >1024 mg/L in contrast to 96 mg/L for
WT. In this assay, the slt-C strain also showed an increased
MIC of >1024 mg/L, indicating this phenotype could not be
reversed by complementation. The MIC values are based upon
3 independent assays performed in triplicate wells. Sensitivity to
membrane inhibitors Tween20, Triton X-100, sodium dodecyl
sulfate, and sodium deoxycholate was also tested, but no
appreciable difference between WT and slt mutant was observed
(data not shown).

The slt Mutant Exhibits Impaired
Intracellular Replication in Macrophages
Given the impact of slt inactivation on cell growth and
division of Fn in acidic conditions, we wanted to determine
whether growth in macrophages, where bacteria are exposed
to acidic environments, would also be affected. J774.1 murine
macrophages were infected with Fn WT or slt for 4 to
24 h and treated with gentamicin to eliminate extracellular
bacteria. Macrophages were then lysed and plated to enumerate
intracellular bacteria. Data are presented as percent CFU
increase, indicating the differences in CFU recovery between 4
and 24 h for each strain. A ∼625% CFU increase was observed
for the slt mutant inside macrophages, showing the mutant
still retained the ability to replicate intracellularly. However, the

FIGURE 5 | Live/Dead staining analysis of Fn WT and slt. Cells were grown in CDM adjusted to either pH 5.0 or 7.0 and subjected to Live/Dead staining and
confocal microscopy at 0 and 6 h time points. (A) Representative confocal images of WT and slt strains grown in CDM pH 5.0. (B) The percentage of viable cells
was calculated as number of green-stained cells divided by the total number of cells, and then used to determine the percent change in viability from 0 to 6 h of
growth. The mean and standard error were plotted for three independent experiments, wherein at least 100 cells were counted for each sample. Significance was
determined by student’s t-test; ∗∗P < 0.01 for slt pH 5.0 compared to each other sample.
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level of replication was significantly decreased, 2.8-fold lower,
than that of the parent strain (Figure 6). These results show
that the Slt enzyme contributes to the ability of F. novicida to
replicate intracellularly within macrophages, and therefore could
be affected for virulence during infection of the host.

The slt Mutant Is Highly Attenuated in
Mice
To assess the contribution of the slt gene to Francisella virulence,
BALB/c mice were challenged via the intranasal route with
various doses of either the WT strain or the slt mutant. As
previously demonstrated, BALB/c mice were highly susceptible
to challenge with the parent strain, and the LD50 was calculated
to be less than 1 CFU (Figure 7 and Table 2) (Chance et al., 2017).
In contrast, the slt mutant was shown to be highly attenuated in
the murine model, and a LD50 value was not able to be measured
as only 4/10 mice succumbed to infection at the highest challenge
dose (620 CFU). In addition, for those mice that did succumb
to infection with the slt mutant (n = 4), the time to death was
significantly greater than mice which succumbed to challenge
with the parent (n = 10) at approximately similar doses (∼400
CFU), 12.5 days versus 4.25 days, respectively. Importantly,
complementation of the mutant nearly restored virulence, as
shown by the LD50 of 20 CFU, indicating the attenuation was due
specifically to the loss of the slt gene (Figure 7).

The F. novicida slt Mutant Exhibits
Significantly Reduced Dissemination in a
Murine Model of Intranasal Infection
To determine the ability of the mutant strain to traffic from
the lung and then replicate within organs of the mice following
challenge, we performed dissemination studies to compare the

FIGURE 6 | Replication of F. novicida in J774.1 murine macrophages.
Macrophages were infected with WT or slt strains at an MOI of ∼100:1 and
incubated in the presence of gentamicin to eliminate extracellular bacteria. At
4 and 24 h time points, cells were lysed and plated for recovered bacteria,
and percent increase of bacteria from 4 to 24 h was calculated. Results from
three independent experiments performed in triplicate wells are shown, and
statistical significance was determined by student’s t-test; ∗P < 0.05.

FIGURE 7 | Fn slt is attenuated during intranasal infection. Groups of BALB/c
mice (n = 10) were challenged with 5 doses of (A) Fn WT, (B) Fn slt, and
(C) Fn slt-C strains, and monitored for 21 days. LD50 values from these
experiments are included in Table 2.

bacterial burden of WT versus slt mutant strains. BALB/c mice
were infected via the intranasal route with 42 CFU of WT or 52
CFU of Fn slt, and euthanized for sample collections as indicated
(Figure 8). Bacterial burden in the lungs of WT-infected mice
increased from ∼1.3 × 104 CFU on day 1 to ∼8.4 × 107 CFU
on day 4 (Figure 8). After day 4, no WT-infected mice were
available as all had succumbed to infection. By day 2, bacteria
were detected in the spleen of WT-infected mice, and CFU values
increased from ∼2.4 × 104 to ∼3.1 × 107 on day 4. In contrast,
mice receiving the slt mutant displayed minor or no clinical signs,
and all survived challenge out to day 21. Furthermore, bacterial
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TABLE 2 | Lethal dose calculations for intranasal infection with F. novicida strains.

Strain LD50 P-value

U112 <1 CFU

slt >620 CFU <0.0001∗

slt-C 20 CFU <0.0001∗∗

∗P-values are based on pairwise comparisons made under a probit model,
assuming a common slope of the dose-response curve over the course of 21 days.
∗P-value comparing LD50 values between WT and slt mutant. ∗∗P-value comparing
LD50 values between slt mutant and complemented strain.

FIGURE 8 | Dissemination of F. novicida WT and slt strains during intranasal
challenge. BALB/c mice were infected intranasally with 42 CFU WT or 52 CFU
slt mutant. At days 1, 2, 3, 4, 7, 14, and 21, mice were euthanized and lungs
and spleens were harvested. Serial dilution and plating of homogenized lung
and spleen were performed to determine recovery of bacteria. Results are
shown as CFU per organ based on 5 mice per time point, except for day 4
WT; only four Fn WT-challenged mice remained and the rest had succumbed
to infection. Error bars represent standard error of the mean; ∗∗P < 0.001,
average CFU/spleen days 2, 3, 4; ∗P < 0.05 average CFU/lung days 1, 2, 4,
as assessed by t-test. WT-infected mice were only carried out until day 4,
based on previous experiments showing a median time until death of 5 days
for WT F. novicida.

burden in the lung of slt-infected mice only increased slightly
from ∼8.5 × 102 on day 1 to ∼5.8 × 104 CFU on day 3, and
then steadily declined the following days until only few colonies
could be recovered on day 21 (Figure 8). Bacterial burden in
the spleens of slt-infected mice followed similar kinetics, with no
bacteria being recovered at day 21. Since the bacterial burden in
the lungs on day 1 was significantly lower in slt-infected mice
than in WT-infected mice, despite equal challenge doses, these
data suggest impaired bacterial replication and/or survival in the
lungs. Therefore, we debated if this apparent attenuation of the
slt mutant strain could allow for its use as a live vaccine and
possibly offer protection from challenge with the parent Fn strain.
If successful, we would then proceed to assess protection against
a fully virulent F. tularensis strain.

The F. novicida slt Mutant Protects
Against WT F. novicida Challenge
To determine if the slt mutant would provide protection against
challenge with the Fn parent strain, mice which survived
exposure to the slt mutant were challenged after 28 days with

the Fn parent strain via the intranasal route (Figure 9). Mice that
received 5 CFU or greater of the Fn slt mutant were completely
protected against WT challenge. Only groups that received on
average less than 1 CFU of Fn slt had mice that succumbed
to infection. The 50% protective dose (PD50) of Fn slt was
determined to be 0.537 CFU by probit regression analysis, and
significant protection relative to mice challenged with 35 CFU of
the parent Fn strain was observed at Fn slt doses of 0.2 CFU or
greater (P ≤ 0.0001). It is estimated that mice receiving the slt
mutant and challenged with the parent strain had a median time
to death 3.38 times greater than naïve mice challenged with the
parent strain. These results highlight the potential of a slt mutant
strain to protect against infection with Francisella.

The F. novicida slt Mutant Induces a
Stronger Th17- and Th2-Type Recall
Immune Response Relative to Th1-Type
Response in the Murine Model of
Intranasal Infection
In an effort to identify immune correlates of protection and
evaluate the protective efficacy of the Fn slt mutant as a surrogate
vaccine against a highly virulent Tier 1 strain, mice were
vaccinated with Fn slt mutant and challenged with F. tularensis
Schu S4. Groups of BALB/c mice (n = 20) received 10, 94, or
935 CFU of Fn slt strain by the intranasal route. Another group
of 20 mice received PBS alone as naïve controls. At day 21 post
infection, 3 or 5 mice from each group were euthanized and
spleens were harvested. To assess the recall immune response,
splenocytes were re-stimulated in the presence of irradiated
Fn slt or F. tularensis Schu S4 (Ft Schu S4). Of the analytes
tested, the secretion levels of 18/36 cytokines were significantly
increased, relative to mock (PBS) vaccinated control group
under both Fn slt and Ft Schu S4 re-stimulation conditions
(Supplementary Figure S1). The results are expressed as fold
change relative to the mock (PBS) vaccinated control group for
all three vaccine doses. Upon re-stimulation with Fn slt, there
was a strong induction of IL-17A, IL-4, GM-CSP, LIF, IL-3,
IL-22, and IL13 (Figure 10A). Re-stimulation with Ft Schu S4
produced a similar overall cytokine profile compared to Fn slt

FIGURE 9 | Fn slt provides protection against challenge with Fn WT. Mice
surviving the initial Fn slt exposure (n = 10, and n = 6 for the 620 CFU group)
were challenged after 28 days with 35 CFU of the Fn parent strain.
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FIGURE 10 | Robust Th17- and Th2-type cytokine response in splenocytes re-stimulated with Fn slt or Ft Schu S4. BALB/c mice were infected intranasally with
mock/PBS (n = 5), 10 (n = 5), 94 (n = 5), and 935 (n = 3) CFU Fn slt mutant. At day 21 post infection, mice were euthanized and spleens were harvested.
Splenocytes (106 cells) were re-stimulated for 48 h in the presence of (A) irradiated Fn slt (5 µg/ml) or (B) Ft Schu S4 (5 µg/ml) and the levels of cytokines measured
by the Luminex bead-based suspension assay. Graph and Table values are expressed as a fold change compared to PBS control group for each analyte. Red text
indicates cytokine profiles which markedly differed between Fn slt and Ft Schu S4 re-stimulation. ∗Th17-like cytokines; ∗∗Th2-like cytokines. A P-value of <0.05 was
determined for every analyte by t-test of log10 values against PBS only controls.

Frontiers in Microbiology | www.frontiersin.org 12 June 2019 | Volume 10 | Article 1343

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


fmicb-10-01343 June 13, 2019 Time: 17:39 # 13

Bachert et al. Francisella novicida Slt Impacts Virulence

with the exception of IL-17A, IL-4, and IL-22 (Figure 10B).
Of all the cytokines tested, the largest fold increase under
both re-stimulation conditions was with IL-17A. However, it
was much more elevated upon re-stimulation with Ft Schu S4
compared to Fn slt (133.9–142.7- vs. 33.5–45.3-fold). The change
in Th17-like cytokines (IL-17A and IL-22) was prominent with
both Fn slt and Ft Schu S4 re-stimulation. While IL-4 secretion
increased in splenocytes re-stimulated with Fn slt compared to Ft
Schu S4 (25.7–29.5- vs. 18.3–19.3-fold), the change in secretion
of IL-22 was less pronounced (11.2–12.6- vs. 19.1–21.9-fold).
Furthermore, the overall changes in Th2-like cytokine (IL-4, IL-5,
IL-10, and IL-13) secretion was greater than Th1-like cytokines
(TNF-α, IFN-γ, and IL-2) under both re-stimulation conditions.
Re-stimulation with Fn slt also produced a dose-dependent
enhancement in TNF-a, IL-1a, IP-10, IL-10, and IL-27 cytokine
secretion and a dose-dependent reduction in IL-2, IL-3, IL-4, and
IL-17a secretion. Similar trends are also evident with Ft Schu
S4 re-stimulation and additional enhancements in IFN-γ, IL-
6, IL-22, and LIF secretion are observed at the highest dose of
Fn slt vaccine.

We observed a 3.2–3.7-fold increase in IFN-γ secretion for
the three Fn slt vaccine groups in comparison to the PBS
mock-infected control group. Furthermore, the concentration
of IFN-γ for the three Fn slt vaccine groups was markedly
elevated (1624.9–1866.0 Fn slt vs. 504.4 PBS). This pronounced
IFN-γ response was confirmed with a high number of IFN-γ
producing T-cells (p< 0.0001 vs. PBS) under both re-stimulation
conditions in an ELISpot assay, although there was no difference
in the number of IFN-γ secreting cells between Fn slt vs Ft
Schu S4 re-stimulations (p = 0.4259 Fn slt vs. Ft Schu S4)
(Supplementary Figure S2).

The F. novicida slt Mutant Induces
Biased Production of IgG2a Antibodies
Relative to IgG1
In addition to evaluating the cytokine response, sera from Fn slt
vaccinated mice were collected in order to evaluate the antibody
response generated against the irradiated Fn slt and Ft Schu S4
strains. An Fn slt vaccine mediated dose dependent increase in
IgG titers was observed against both bacterial strains and the
total mean IgG response peaked (Fn slt mean titer: 1:22,945
and Ft Schu S4 mean titer: 1:10,159) at the highest vaccine
dose (935 CFU of Fn slt) (Figure 11A). Antibody titers for
both IgG1 and IgG2a increased with increasing doses of Fn slt
vaccine (Figure 11B). Interestingly, the IgG2a isotype response
was considerably greater than IgG1 against both Fn slt and Ft
Schu S4. This IgG2a/IgG1 difference was most apparent in mice
that were vaccinated with two lower doses of Fn slt (10 and 93
CFU). Generally, all antibody titers were relatively low, although
an IgG2a biased response was observed relative to IgG1.

Based on the immune data collected from the vaccinated mice,
we sought to determine if the mice receiving the Fn slt mutant
would be protected against challenge with the Ft Schu S4 strain.
28 days post-vaccination, the three groups of Fn slt vaccinated
mice and naïve control mice (n = 20) were split into two groups
of 10 and challenged intranasally with either a high (37 CFU)

or low (6 CFU) dose of Ft Schu S4. Based upon our previous
published data, the IN LD50 for BALB/c mice is 1 CFU of Ft
Schu S4 (Chance et al., 2017). However, despite the promising
results with protection against Fn challenge, no protection was
afforded to the mice receiving any dose of the slt mutant strain
when challenged with the Ft Schu S4 strain (Figure 12).

DISCUSSION

Role of Slt in Cell Division and
Morphology
Our studies show that slt, encoding a soluble lytic
transglycosylase, is required for proper growth and cell division
of F. novicida in low pH conditions and, more importantly,
virulence in mice. When attempting to inactivate the slt gene
from LVS or Ft Schu S4, FTL_0466 and FTT_0400, respectively,
we were unable to obtain a slt mutant in these background
strains of Francisella. These results suggested that the slt gene
was essential in these background strains. In agreement with
our observation, the slt gene was found to be among the 453
genes essential for in vitro growth of Ft Schu S4 in a recent
study (Ireland et al., 2019). Furthermore, a second laboratory
was unable to isolate a Ft Schu S4 slt mutant from a transposon
mutant library (personal communication, Thomas Lamkin,
Wright Patterson Air Force Base). Currently, we are unsure why
the slt gene can be inactivated in a F. novicida background but
not in LVS or Ft Schu S4. It is possible that F. novicida contains
additional enzymes with transglycosylase activity that partially
compensate for the loss of Slt, preventing a lethal phenotype.
For instance, Rohmer et al. (2007) previously reported that 84
genes encoded in the Fn genome are inactivated in both Ft
Schu S4 and LVS.

Interestingly, morphological defects were observed during
growth of the Fn slt mutant under acidic conditions. Scanning
electron micrographs of the slt mutant at pH 6.2 revealed
cells that were larger in size and appeared to have extensive
clumping and fusion of cells as compared to the parent
strain, which likely indicates an inability of daughter cells to
separate during cell division. Supporting this concept, lytic
transglycosylases in E. coli have been shown to contribute to
cell separation by splitting the murein septum (Heidrich et al.,
2002). We presume the clumping and enlarged cell sizes of the
mutant may account for the decreased OD readings observed
during the growth at low pH values. Since the Slt enzyme is
important for peptidoglycan recycling, it is likely that buildup
of peptidoglycan fragments in the outer membrane layer of slt
mutant cells affects cellular metabolism as well as morphology.
For instance, previous work on peptidoglycan recycling in
Neisseria gonorrhoeae showed that mutation of ampD, involved
in peptidoglycan degradation, caused a buildup of peptidoglycan
monomers in the cytoplasm as well as increased metabolism of
disaccharides (Garcia and Dillard, 2008).

Significant redundancy of LT enzymes is observed in many
bacteria; for example, E. coli harbors at least six membrane-bound
LTs and one soluble LT, Slt70, and Pseudomonas aeruginosa
produces at least seven LTs (Johnson et al., 2013). It has been
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FIGURE 11 | Serum IgG, IgG1, and IgG2a antibody titer levels by ELISA. Sera were collected from BALB/c mice vaccinated with mock/PBS (n = 5), 10 (n = 5), 94
(n = 5), and 935 (n = 3) CFU Fn slt mutant. The reactivity of (A) total IgG, (B) IgG1 and IgG2a in serum was tested against Fn slt or Ft Schu S4 by endpoint ELISA.
Statistical significance was determined by t-test on log10 values compared against PBS only control; ns, not significant, ∗P < 0.5, ∗∗P < 0.01, ∗∗∗P < 0.001.

shown that deletion of multiple LT enzymes in E. coli, including
the major transglycosylase Slt70, does not significantly impact
morphology or growth (Heidrich et al., 2002). Interestingly, only

one other murein transglycosylase was found to be annotated in
the F. novicida genome (FTN_1286), whose amino acid sequence
is highly different from that of Slt, but homologous to MltA
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FIGURE 12 | Fn slt does not protect against re-challenge with Ft Schu S4.
Groups of mice receiving 10, 94, and 935 CFU of Fn slt vaccine or PBS only
(n = 10) were challenged 28 days post-vaccination with either a high dose (37
CFU) or low dose (6 CFU) of Ft Schu S4 via the intranasal route. Log rank
comparison and survival regression analyses identified no significant
difference between vaccinated and control groups.

from E. coli (34% identity, and 47% similarity based on BLASTp
search). In contrast to E. coli, a study on the lytic transglycosylase
LtgC of N. gonorrhoeae, another homolog of MltA, showed that
mutation of this single enzyme significantly impacted cell growth,
septation, and division (Cloud and Dillard, 2004). Moreover, the
authors noted decreased CFU counts and cell viability of the
mutant that were restored by complementation, similar to our
results. Other cell wall-modifying enzymes have been described
in Francisella spp. For example, Ireland et al. (2019) recently
reported ampG and ampD, encoding a muropeptide transporter
and a murein amidase, both involved in cell wall recycling, are
essential in Ft Schu S4. Interestingly, FTT_0924, encoding an
unknown protein highly conserved among Francisella spp., was
shown to be necessary to maintaining peptidoglycan stability
and for intracellular replication in macrophages (Brunton et al.,
2015). Similarly, the D-alanyl-D-alanine carboxypeptidase DacD
was found to be necessary for maintaining the integrity of the
cell wall as well as being involved in intracellular replication and
virulence in F. holarctica (Spidlova et al., 2018). While knowledge
of the specific peptidoglycan remodeling proteins in Francisella is
currently limited, we demonstrate that the Slt enzyme described
in this study has a critical role in maintaining cell growth and
morphology in acidic conditions.

The pH-dependent phenotype of the slt mutant is a
unique finding. Recent studies on the D-alanyl-D-alanine
carboxy-peptidase DacD, another peptidoglycan-remodeling
enzyme, showed a significant pH sensitivity of a F. holarctica
dacD mutant, as well as morphological defects including
increased cell size up to ten times larger than WT, and
discontinuous membranes that left cells more susceptible to
osmotic stress (Spidlova et al., 2018). The Fn slt mutant cells
generally appeared to be larger than WT but not to this degree
as observed for the F. holarctica dacD mutant. The authors
also demonstrate that while intracellular replication of the dacD
mutant was affected during infection of murine macrophages,
phagosomal escape was increased compared to WT, possibly
due to the increased sensitivity to acidic environment of the
phagosome (Spidlova et al., 2018). While our studies did not

address phagosomal escape, we show that the slt mutant indeed
has a partial replicative defect within the macrophages as
compared to parent, which may reflect its pH sensitivity.

Other LTs may have a similar pH dependency. For example,
the Mlt38 enzyme from E. coli has been shown to harbor maximal
enzymatic activity in buffers between pH 4.0 and 4.5 (Ursinus
and Holtje, 1994). Furthermore, a recent study showed a mltB
mutant in Acinetobacter baumannii had significantly decreased
survival under acidic conditions that was partially restored by
complementation (Crépin et al., 2018). We suspect the Slt protein
may play an important role during infection of host cells, as we
observed a significant decrease in intracellular growth of the Fn
mutant as compared to the parent. The study by Crépin et al.
(2018) also observed increased sensitivity of the mltB mutant
to polymyxin B. In contrast, our results showed an increase
in resistance to polymyxin B for the Fn slt mutant. Generally,
Gram-positive bacteria exhibit polymyxin B resistance due to
their thick peptidoglycan wall; it is possible that build-up of
peptidoglycan in the periplasmic space of cells lacking Slt activity
is responsible for this phenotype (Poirel et al., 2017).

Scanning electron microscopy studies of Fn slt showed
extensive outer membrane surface projections, often connecting
neighboring cells, predominantly at pH 6.2. These surface
projections have been previously described as outer membrane
tubes (OMT), produced in addition to outer membrane vesicles
(OMV), during growth of F. novicida to early stationary phase
in rich medium (McCaig et al., 2013). Initial discovery and
characterization of OMVs from F. novicida were reported
by Pierson et al. (2011); the authors demonstrated OMVs
contained numerous virulence-associated proteins and that they
could provide significant protection against intranasal Francisella
challenge. McCaig et al. (2013) further showed that OMTs trigger
inflammatory cytokine release from murine macrophages, and
are produced during infection of macrophages. These studies
further suggest at the vaccine potential of a Fn slt mutant that
overproduces OMTs able to elicit an effective immune response.
A more recent study found that production of OMTs was
triggered by cysteine deprivation in rich medium, indicating a
role for OMTs in metabolism as well as in virulence (Sampath
et al., 2018). Interestingly, F. novicida transposon mutants
exhibiting hyper-vesiculation had interruptions in genes involved
in cell division and peptidoglycan modification, such as ftsK and
carboxypeptidases like dacD. However, this study did not identify
slt as a hyper-vesiculating mutant, possibly because acidic pH
conditions were not tested.

Role of Slt in Virulence of F. novicida
Our experiments demonstrate that Slt is a critical virulence factor
in F. novicida. The slt mutant exhibited decreased replication in
macrophages and was significantly attenuated during intranasal
infection of mice. Several studies have investigated the impact
of lytic transglycosylase enzymes on virulence of bacteria
including Brucella abortus, Edwardsiella tarda, N. gonorrhoeae,
and A. baumannii. Deletion of a putative lytic transglycosylase
in B. abortus, homologous to MltB, resulted in reduced
survival in murine macrophages and in mice (Bao et al., 2017).
In E. tarda, a Gram-negative bacterium pathogenic to fish,
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deletion of mltA reduced virulence in a zebrafish model while
overexpression of mltA increased virulence (Liu et al., 2012).
The most well-characterized LT enzymes, in regards to their
effect on virulence and host immune response, are those of
N. gonorrhoeae. Multiple studies emphasize the importance
of lytic transglycosylases in releasing peptidoglycan fragments
which trigger inflammation and cell damage, and alter host cell
signaling pathways (Schaub et al., 2016; Chan and Dillard, 2017;
Knilans et al., 2017). Interestingly, a recent study showed that
a mltB mutant of A. baumannii was significantly reduced in
its ability to adhere to alveolar epithelial cells and colonize the
lung during mouse infection, likely due to the drastic decrease
in surface pili (Crépin et al., 2018). Indeed, lytic transglycosylases
have been deemed “space-making enzymes” and are necessary for
the incorporation of structures like flagella, pili, and secretion
systems that contribute to virulence. For further information,
an excellent review by Koraimann (2003) discusses specialized
LTs and their contribution to pathogenic structures. Since
Francisella contains Type IV and VI secretion systems, it would
be interesting to see how LT enzymes may contribute to their
incorporation and pathogenicity. The relationship between cell
wall modifying enzymes, cell physiology, and virulence is only
a newly expanding area of study that requires more attention,
especially given the implications in antimicrobial resistance, drug
design, and inhibitors.

Immune Response/Vaccine Potential
Generation of an effective vaccine against tularemia is critical,
as there is currently no FDA approved vaccine available. Several
subunit and live attenuated vaccines have been tested. Whelan
et al. (2018) recently showed that a subunit vaccine, comprising
Francisella LPS and the FTT_0814 protein delivered within
glucan particles, was able to induce protection against Ft Schu S4
challenge in the Fischer 344 rat model. However, other subunit
vaccines based on LPS, carbohydrates, and other surface antigens
were unable to provide complete protection, and it is thought that
both humoral and cell-mediated immune responses are required
to achieve protective immunity (Pechous et al., 2009). Numerous
live vaccines based on mutants of F. novicida, F. tularensis, and
LVS have been explored, including those with mutations in FPI,
metabolism, purine biosynthesis, and LPS biosynthesis genes
(Pechous et al., 2009; Jia and Horwitz, 2018). One of the most
promising vaccines tested is the 1clpB mutant, which contains
a deletion in the heat shock gene clpB, developed by Conlan
et al. (2010) in the Ft Schu S4 background. The authors showed
that the 1clpB mutant was more attenuated than LVS, and
that intradermal vaccination could protect against subsequent
respiratory challenge with Ft Schu S4 (Conlan et al., 2010; Twine
et al., 2012). Interestingly, F. novicida 1iglD was shown to be
protective against challenge with the fully virulent F. tularensis
Schu S4 strain in both Fisher344 rats and cynomolgous macaques,
indicating the potential for a F. novicida-based live vaccine (Chu
et al., 2014). A Francisella vaccine derived from an LT mutant or
other peptidoglycan enzyme mutant has not been described in
the literature. However, a lytic transglycosylase mutant, 122915,
derived from B. abortus has been shown to generate a robust

immune response in mice and was protective against infection
with the WT strain (Bao et al., 2017).

Our initial vaccination studies show that even low doses of
the Fn slt mutant were able to protect against high challenge
doses of the Fn parent. Moreover, our immune response analyses
suggested the potential of using the highly attenuated Fn
slt mutant as a vaccine strain to protect against tularemia.
Vaccination of mice with Fn slt produced a robust Th17-type
(IL-17a, and IL-22), Th1-type (TNF-α, IFN-γ, and IL-2), and
Th2-type cytokine (IL-4, IL-5, IL-10, and IL-13) responses,
although the fold change in cytokine secretion relative to
naïve mice biased the Th17- and Th2-type cytokine profiles.
Furthermore, in spite of Th1- vs. Th2-type cytokine fold change
differences, the levels of Th1- and Th17-type cytokine responses
based on actual concentrations was significantly induced by
the Fn slt vaccine. Th1 response along with robust production
of IFN-γ have previously been established to be necessary for
protection against F. tularensis infection (Anthony et al., 1989;
Sunagar et al., 2018). Based on the marked levels of IL-17a and
IL-22, the contribution of the Th17 response also appears to be
critical in protection against Fn slt challenge (Woolard et al.,
2008; Lin et al., 2009; Markel et al., 2010). But, despite Ft Schu
S4 re-stimulation inducing a similar Th17 response, the mice
were not protected from Ft Schu S4 challenge. Other groups
reported similar findings, such that the superfluous role of IL17a
in conferring protection was dependent on whether the challenge
strain was an attenuated or a virulent F. tularensis subspecies
(Skyberg et al., 2013). It is plausible that the reduced secretion
of the anti-inflammatory cytokines, IL-10 and IL-4, in Ft Schu S4
relative to Fn slt challenged mice restricted adequate control of
the Th17 responses which resulted in excessive bystander damage
and transitioned from a protective to a pathological immune state
(Gu et al., 2008; Heo et al., 2010; Slight et al., 2013). Of course,
IL-10 is also a potent suppressor of macrophage functions and
down-regulator of Th1-type responses and in concert with IL-4
is able to further suppress other essential protective responses
(Gazzinelli et al., 1992; Oswald et al., 1992). The balance between
Ft Schu S4 clearance and immunopathology are not just Th1 and
IFN-γ dependent, but are also in part dictated by other cytokines
such as IL-10 and IL-4.

Overall antibody response was poor against both irradiated
Fn slt and Ft Schu S4, although the antibody titers against both
strains within all three vaccine doses remained similar. There is
a noticeable, though not significant, increase in antibody titers
with increasing vaccine dose against both Fn slt and Ft Schu
S4. Although, the antibody response against both strains was
similar, it may only contribute to controlling infection in the low
virulence strain of F. novicida, which is consistent with other
studies (Fulop et al., 2001). It is evident that a stronger antibody
response or antibodies against other epitopes are necessary to
control Ft Schu S4 infection or that protective immunity is
more reliant on a stronger cell mediated immune response.
Often, the level of IgG1 antibodies correlate with an overall
Th2 immune response profile while that of IgG2a antibodies
is indicative of an overall Th1 profile. Surprisingly, given the
propensity of BALB/c mice to mount a more Th2-like immune
response, an IgG2a isotype was predominant, relative to IgG1
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in serum (Watanabe et al., 2004). Although, different pathogens
and routes of immunization and challenge have been shown to
stimulate different Th cell subsets that deviate from the canonical
Th2-biased profile in BALB/c mice (Garcia-Pelayo et al., 2015).
Specifically, there appears to be a strong induction of Th1
response in BALB/c mice in the lungs and spleen. Furthermore,
a prominent antibody response seems to be superfluous in
protection against Ft Schu S4 challenge in out-bred Swiss
Webster mice while both CD4+ and CD8+ T-cell responses are
indispensable. A homologous Fn slt or heterologous (e.g., LPS
and LVS) prime-boost vaccination approach may improve both
cellular and humoral protective responses (Cole et al., 2009).
Overall, our results indicate that pursuing such a vaccine strategy
with the slt mutant strain under the conditions described here,
would not provide protection against Ft Schu S4. Perhaps a
different vaccination route and/or additional doses of the mutant
strain could provide protection against challenge.

Implications for Enzyme Targeting
As we and others show that Slt is important for virulence or
essential for growth in Francisella, this enzyme would be an
ideal candidate for targeting by inhibitors. While the crystal
structure of Slt from Francisella has not been reported, the
Slt70 homolog in E. coli has been crystallized in complex with
a 1,6-anhydromuropeptide substrate. The structure consists of
three domains, the U-shaped U-domain, catalytic C-domain,
and linker or L-domain, which are primarily dominated by
alpha helices (van Asselt et al., 1999). Importantly, the catalytic
domain of Slt from F. tularensis harbors a conserved Glu478
residue, known to be necessary for enzymatic activity in E. coli
and other organisms, which may serve as an ideal target for
inhibitors (van Asselt et al., 1999). Additionally, combining cell
wall enzyme inhibitors with cell wall-targeting antibiotics is
thought to help overcome β-lactam resistance (Johnson et al.,
2013). Current work in our laboratory is focused on targeting the
Slt enzyme of the fully virulent F. tularensis Schu S4 strain for
broad-spectrum inhibitors.
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