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Abstract 16 

Bioluminescence imaging (BLI) enables real-time, non-invasive tracking of infection in vivo 17 

and longitudinal infection studies. In this study, a bioluminescent F. tularensis SCHU S4-lux 18 

strain was used to develop an inhalational infection model in BALB/c mice. Mice were 19 

infected intranasally and the progression of infection was monitored in real time using BLI. A 20 

bioluminescent signal was detectable from 3 days post-infection (dpi), initially in the spleen, 21 

then in the liver and lymph nodes before finally becoming systemic. The level of 22 

bioluminescent signal correlated with bacterial numbers in vivo enabling non-invasive 23 

quantification of bacterial burden in tissues. Treatment with levofloxacin (commencing at 4 24 

dpi) significantly reduced the BLI signal. Furthermore, BLI was able to non-invasively 25 

distinguish between different levofloxacin treatment regimens and identify sites of relapse 26 

following treatment cessation. These data demonstrate that BLI and SCHU S4-lux are 27 

suitable for the study of F. tularensis pathogenesis and the evaluation of therapeutics for 28 

tularemia. 29 

 30 

Keywords 31 

Bioluminescence imaging, levofloxacin, optical imaging, IVIS, anti-bacterial agents, 32 
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Introduction 35 

Francisella tularensis is a Gram-negative, intracellular bacterium and is the etiological agent 36 

of the disease, tularemia. Tularemia has a low infectious dose by the aerosol route (ID50 <10 37 

CFU) causing a disabling illness without rapid treatment, and is considered a potential 38 

biothreat agent. The preferred treatment for tularaemia is limited to a few antibiotics 39 

including fluoroquinolones (1, 2), tetracycline (3), streptomycin (4, 5) and gentamicin (6, 7). 40 

The lack of a licensed vaccine, reported treatment failures, even with preferred antibiotics (8), 41 

and a 2% mortality rate despite treatment (5) necessitate the development and evaluation of 42 

new therapies.  43 

Conventional methods of assessing bacterial growth and dissemination in vivo require the 44 

infection of large cohorts of animals and culling groups of animals at set time points 45 

throughout the study. This strategy not only uses large numbers of animals but is also labour 46 

intensive and subject to tissue sampling bias. Non-invasive imaging techniques such as 47 

bioluminescence imaging (BLI) can report spatial and temporal aspects of infectious diseases 48 

in vivo both longitudinally and in real-time (9). This technique typically relies on the 49 

detection of light produced by luciferase-catalysed oxidation reactions, which are encoded in 50 

the pathogen of interest, using a sensitive, charge-coupled device (CCD) camera (10). Pivotal 51 

experiments by Contag et al. demonstrated the usefulness of BLI in the non-invasive study of 52 

bacterial pathogenesis and the evaluation of antibiotic treatments for Salmonella typhimurium 53 

(11). Subsequently, bioluminescent reporters have been introduced into other bacteria 54 

including Mycobacterium tuberculosis (10, 12), Staphylococcus aureus (13, 14), 55 

Burkholderia mallei (15) and Yersinia pestis (16, 17). Further, BLI has been used to evaluate 56 

vaccines (18), antibiotics (19-21) and supportive therapies (22) for a range of pathogens. BLI 57 

is non-invasive allowing sequential imaging of the same animal and the bacterial burden to be 58 

quantified without culling the animal, thus reducing animal usage. Moreover, as the entire 59 

animal is sampled, tissue sampling bias is reduced and the identification of different foci of 60 

infection is possible. This has the potential to improve understanding of disease progression 61 

and aid in the development of better treatments. A bioluminescent live vaccine strain (LVS) 62 

of F. tularensis (23) has previously been constructed. However, the plasmid encoding the 63 

luminescence was unstable in vivo, potentially leading to an underestimation of the bacterial 64 

load. This would be a considerable limitation when used to evaluate therapies. Currently 65 

there is no in vivo model described for bioluminescent F. tularensis SCHU S4. 66 
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Here we describe the construction of a bioluminescent strain of F. tularensis SCHU S4 and 67 

demonstrate the suitability of this strain for tracking disease progression. The value of BLI to 68 

evaluate antibiotic treatment and to identify sites of relapse of disease is also demonstrated. 69 

 70 

Materials and methods 71 

Bacteria  72 

F. tularensis subspecies tularensis strain SCHU S4 was cultured on blood glucose cysteine 73 

agar (BCGA) plates or in modified cysteine partial hydrolysate (MCPH) broth supplemented 74 

with L-cysteine and glucose. Electroporation was used to transform the plasmid pEDL41  75 

(containing luxCDABE) into SCHU S4 using previously described methods (24), thereby 76 

constructing strain SCHU S4-lux. Bioluminescent strains were cultured with hygromycin B 77 

(200 μg mL-1). All manipulations of F. tularensis SCHU S4 and SCHU S4-lux were 78 

performed in a class III microbiological safety cabinet.  79 

Bacterial growth in vitro 80 

Bacteria were grown at 37ºC in 96-well, flat-bottomed plates (200 μL per well) with a 81 

starting optical density (OD595nm) of 0.02. Absorbance (OD595nm) was measured every 30 min 82 

using a plate reader capable of constant shaking for 48 h. Each strain was plated into 6 83 

replicate wells. Wells containing MCPH without bacteria served as media controls.  84 

Intracellular replication assay 85 

Bacterial invasion and intracellular survival were studied in J774A.1 murine macrophage-like 86 

cells. The cells were seeded onto a 24-well tissue culture plate to give a concentration of 1 x 87 

106 cells per well following overnight incubation in Dulbecco’s Modified Eagles’s media 88 

(DMEM) (Gibco Life Technologies) supplemented with 1% L-glutamine and 10% fetal calf 89 

serum at 37°C.  90 

 91 

One mL of Leibovitz (L-15) medium (Gibco Life Technologies) containing 106 CFU of 92 

either SCHU S4 or SCHU S4-lux was added to cell monolayers to achieve a multiplicity of 93 

infection (MOI) of 1. Each strain was added to wells in triplicate for each time point. J774A.1 94 

cells were incubated with bacteria at 37°C for 1 h after which the medium was replaced with 95 

L-15 medium containing either 10 μg mL-1 gentamicin (for the one hour post-infection (hpi) 96 

time point) or 2 μg mL-1 gentamicin (for the 4 or 24 hpi time points). Cells were then re-97 
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incubated at 37°C for either 30 min, 4 h or 24 h for the 1, 4 and 24 hpi time points, 98 

respectively. At these time points, the L-15 medium was removed and the cells lysed with 1 99 

mL distilled water (dH2O). Cell lysates were serially diluted in phosphate buffered saline 100 

(PBS) and plated onto BCGA plates in triplicate to determine the intracellular bacterial load. 101 

The actual MOI was determined by serially diluting the inoculum in sterile PBS and plating 102 

onto BCGA plates. For SCHU S4-lux cell lysates were plated onto BCGA plates ± 103 

hygromycin B to determine plasmid stability by comparison of the bacterial numbers on 104 

selective and non-selective agar.    105 

Animals 106 

All studies involving animals were performed in accordance with the requirements of the 107 

Animal (Scientific Procedures) Act 1986. Female, 6-8 week old BALB/c mice were obtained 108 

from Charles River Laboratories and randomly allocated into cages of five mice upon arrival. 109 

Mice were implanted with microchips prior to arrival to enable identification of individual 110 

mice. Animals were housed within a rigid-walled half-suit class III isolator with access to 111 

food and water ad libitum and a 12 h light/dark cycle.  112 

Following infection with F. tularensis and for subsequent imaging studies, animals were 113 

handled under ACDP containment biosafety level III conditions (25). Mice were weighed 114 

daily and observed twice daily for clinical signs of disease. Upon reaching predetermined 115 

humane endpoints, mice were culled by cervical dislocation. 116 

Bacterial challenge  117 

Mice were infected by the intranasal route with either F. tularensis SCHU S4 or SCHU S4-118 

lux, which were prepared by diluting frozen 10% sucrose stocks. For the bacterial challenge, 119 

mice were briefly anaesthetised using isoflurane within a bell jar and inoculated with 120 

approximately 103 CFU in a total volume of 50 μL PBS (25 μL per naris). Serially diluting 121 

the challenge dose and subsequently plating on BCGA plates in triplicate determined the 122 

actual CFU given. 123 

 124 

Bioluminescent Imaging 125 

The IVIS Spectrum (PerkinElmer) measured the bioluminescent signal intensities during the 126 

imaging study using an open emission filter with exposure times adjusted to collect between 127 
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600 and 60,000 counts. Two-dimensional images had background signal subtracted and 128 

image scaling was normalised by converting total counts to photons s-1. Bioluminescent 129 

signal intensity is represented by a pseudocolour scale ranging from red (most intense) to 130 

violet (least intense). Signal intensity images were superimposed over greyscale reference 131 

photographs for anatomical registration. Scales were manually set to the same values for 132 

comparable images to normalize the intensity of the bioluminescence across time points. 133 

Bioluminescence within specific regions of individual animals was quantified using the 134 

region of interest (ROI) tool within the Living Image 4.5 software (PerkinElmer).   135 

Mice were anaesthetised for imaging with 40 mg kg -1 body weight ketamine (Vetalar; 136 

Zoetis) and 0.75 mg kg -1 body weight medetomidine (Domitor; Vetoquinol) administered by 137 

the intraperitoneal route in 150 μL sterile water. Mice were housed within a heated box to 138 

prevent hypothermia during the anaesthetic process. Anaesthesia was reversed using 2.5 mg 139 

kg-1 atipamezole (antisedan; Zoetis) administered by the intraperitoneal route in 100 μL 140 

sterile water. Mice remained in a heated box until fully recovered. All mice were shaved 141 

(dorsum and abdomen/thorax) under anaesthesia prior to challenge to reduce signal 142 

absorption by the fur. Shaved mice had a recovery period of at least 24 h before challenge. 143 

 144 

Quantification of F. tularensis in vivo 145 

The relationship between the intensity of the bioluminescent signal and the bacterial burden 146 

in organs was determined to allow non-invasive bacterial quantification in vivo  147 

 148 

The in vivo bioluminescent signal was measured daily by imaging groups of five mice under 149 

terminal anaesthesia. Organs (lungs, liver and spleen) were aseptically removed from culled 150 

mice and imaged ex vivo. Groups of five mice were also inoculated with the parent SCHU S4 151 

strain to provide a benchmark by which the fitness of the SCHU S4-lux strain could be 152 

assessed.  153 

 154 

The bacterial burden was determined by homogenising organs in 1 mL PBS using a cell sieve 155 

and plating serial dilutions of tissue homogenates onto BCGA plates. In vivo plasmid stability 156 

was measured by plating tissue homogenates from mice challenged with SCHU S4-lux onto 157 

BCGA plates in triplicate with and without hygromycin B to calculate the ratio of 158 

hygromycin-resistant to hygromycin-sensitive bacteria. Agar plates were also imaged using 159 
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the IVIS Spectrum to confirm that the bacteria isolated from the organs had retained the 160 

plasmid containing the lux operon. 161 

 162 

Antibiotic dosing schedule  163 

Groups of 10 mice infected intranasally with SCHU S4-lux were randomised to receive 164 

either; (i) PBS, (ii) levofloxacin (40 mg kg-1) or (iii) levofloxacin (5 mg kg-1). All treatments 165 

were administered intraperitoneally once daily for 7 days starting at 4 days post infection 166 

(dpi). Groups of animals (n=5) inoculated intranasally with SCHU S4-lux receiving no 167 

treatment or sham challenged with PBS were also included. Animals were monitored for 18 168 

days after therapy was discontinued to image any relapse.    169 

 170 

Mice were imaged at regular intervals from 3 dpi until the end of the study. To determine if 171 

repeated anaesthesia affected antibiotic efficacy or survival, groups of infected mice 172 

receiving antibiotics only were included. These animals were not imaged during the study but 173 

organs were harvested and imaged post mortem (as above). At the end of the study (or once 174 

mice had reached a pre-determined humane endpoint), they were terminally anesthetised, 175 

imaged and culled. Organs (lungs, liver and spleen) from all mice were aseptically removed 176 

and imaged prior to processing for bacterial enumeration.  177 

 178 

Statistical analysis. 179 

GraphPad Prism 6 software was used for all statistical analysis and production of all graphs. 180 

Differences in survival data were analysed using a log-rank (Mantel-Cox) test. CFU data 181 

were log transformed to fit the requirements for parametric analysis. Statistical differences 182 

between two groups were determined using an unpaired t-test. Statistical differences between 183 

three or more groups were determined using a one-way ANOVA followed by Bonferroni 184 

multiple comparisons test. To determine the relationship between CFU and bioluminescent 185 

signal intensity, data were log transformed and a Pearson two-tailed correlation test was 186 

performed. R2 values were calculated using linear regression analysis. Growth curves were 187 

compared by log transforming data and performing nonlinear regression analysis. A two-way 188 

ANOVA with Sidak’s multiple comparisons test identified which time points were 189 

significantly different. Significance was pre-determined at a P-value of ≤0.05.  190 
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Results 191 

SCHU-S4-lux has an increased lag phase but is still virulent 192 

Bacterial growth in vitro was significantly slower for SCHU S4-lux during the lag phase of 193 

growth with a significant increase in time to an OD595 value of 0.02 compared to wild-type 194 

SCHU S4 strain (Figure 1A). However, the log phase was similar between the two strains 195 

with no significant difference observed in mean generation time (data not shown). Moreover, 196 

the plasmid was stably retained following repeated subculturing in non-selective broth with 197 

>99% of colonies retaining the plasmid after 10 days (Figure 1B). Mortality was 100% for 198 

animals challenged with either SCHU S4 or SCHU S4-lux with a median time to death of 199 

four and five days for SCHU S4 and SCHU S4-lux groups, respectively (Figure 1D). 200 

Bacterial loads were equivalent for animals challenged by the intranasal route with either 201 

strain at the time of death (n=5, Figure 1C) indicating that despite the difference in the lag 202 

phase of infection, the overall ability of SCHU S4-lux to disseminate and replicate 203 

intracellularly is not diminished. All animals in the PBS sham challenge group survived until 204 

the end of the study and displayed no clinical signs of infection (data not shown). 205 

 206 

Bioluminescent signal is detectable with the onset of clinical signs in an intranasal model 207 

of F. tularensis infection 208 

To determine if the bioluminescent signal was detectable in vivo, groups of five mice were 209 

infected intranasally with approximately 103 CFU of SCHU S4-lux. At 3 dpi mice did not 210 

display any clinical signs of infection and no bioluminescent signal was detected. However, a 211 

bioluminescent signal was detected from the explanted lungs of 3 out of 5 mice (Figure 3). 212 

By 4 dpi mice displayed mild clinical signs namely varying degrees of fur ruffling and a 213 

bioluminescent signal was detected in the spleens (Figure 2) with the anatomical location of 214 

the signal confirmed by imaging the explanted organs (Figure 3). During the primary 215 

infection, the bioluminescent signal spread from the spleen to the lymph nodes and liver 216 

before becoming systemic with signal detectable in the lungs by 5 dpi (Figure 2). The 217 

increase in bacterial load seen between 3 dpi and 5 dpi occurred more rapidly in spleens (4.3 218 

log) and livers (3.9 log) than in the lungs (1.6 log) (Figure 4). No bioluminescent signal was 219 

detected in mice challenged with the parent SCHU S4 strain or PBS at any time point (images 220 

not shown).  221 

 222 
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The level of bioluminescent signal (total flux) correlates with bacterial numbers in vivo  223 

The relationship between bacterial burden and bioluminescent signal was established to 224 

determine whether BLI would allow non-invasive quantification of bacterial load. The 225 

relationship between signal depth and signal attenuation by tissue required detection limits to 226 

be determined separately for the lungs, liver and spleen. 227 

 228 

There was a strong positive correlation between in vivo bioluminescence (total flux; photons 229 

s-1) and bacterial burden in the lungs, livers and spleens (Figure 5). The detection limit was 230 

calculated using linear regression analysis with the detection threshold set at twice the 231 

average background signal measured in the wild-type group for each organ (Figure 5). The 232 

calculated limits of detection were 6.46, 4.85 and 5.51 log10 CFU for the lungs, liver and 233 

spleen, respectively based on groups of 15 animals.  234 

 235 

Non-invasive imaging is sensitive measure of treatment efficacy at early time points  236 

The utility of using BLI for discriminating between different treatment regimens was 237 

assessed in a sub-optimal antibiotic model. Groups of mice (n=5-10) were infected 238 

intranasally with approximately 103 CFU of SCHU S4-lux. Levofloxacin (at 5 mg kg-1 or 40 239 

mg kg -1) or PBS were administered intraperitoneally, once daily for 7 days at the onset of a 240 

bioluminescent signal on four dpi (Figure 6).  241 

 242 

On 5 dpi, the bioluminescent signal was diminished in both groups of mice receiving 243 

levofloxacin (n=10 per group; Figure 6). The bioluminescent signal was below the limit of 244 

detection by six and seven dpi for the 40 mg kg-1 and 5 mg kg-1 levofloxacin-dosed groups, 245 

respectively. Animals in the 5 mg kg-1 levofloxacin group had significantly higher total flux 246 

values in the thoracic and abdominal regions at five and six dpi compared to the 40 mg kg-1 247 

levofloxacin group (Figure 7). Significant differences between the two levofloxacin-dosed 248 

groups for other non-invasive parameters including weight loss and clinical scores were not 249 

found during the same period (Figure 7). In SCHU S4-lux infected animals receiving either 250 

PBS treatment or no treatment, the bioluminescent signal increased over the duration of the 251 

experiment until the animals reached humane endpoints (Figure 6). PBS treatment did not 252 

have an impact on the level of bioluminescent signal, with similar total flux values observed 253 

for both PBS treatment and untreated groups (Figure 6).  254 

 255 

Non-invasive imaging identifies sites of relapse 256 
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Animals were monitored and imaged for 18 days after the completion of therapy to determine 257 

sites of relapse of infection. No bioluminescent signal was detected in animals treated with 40 258 

mg kg-1 levofloxacin (n=10). Whilst bacteria were detected in spleen homogenates from these 259 

animals, no bacteria were detected in 22% and 33% of lung and liver samples, respectively 260 

(Figure 8). However, one out of ten animals in the 5 mg kg-1 levofloxacin-dosed group 261 

showed clinical signs of relapse that subsequently resulted in a lethal infection. In this animal 262 

the bioluminescent signal was below the limit of detection at the completion of antibiotic 263 

therapy but by 14 dpi (3 days post therapy ending) bioluminescence was evident in the 264 

intestinal region (Figure 9). The bioluminescent signal continued to increase and spread from 265 

intestinal region to the lungs and lymph nodes. By day 19 post infection, the animal had 266 

succumbed to infection with the strongest bioluminescent signal detected in the lung post 267 

mortem (Figure 8). Strong foci of signal were detected ex vivo in the colon region of the 268 

intestines, presumed to be Peyer’s patches (Figure 10). Foci of bioluminescence in the 269 

intestines were also observed post mortem in animals in the non-imaged 5 mg kg-1 270 

levofloxacin-dosed group of animals.  271 

Discussion 272 

 273 

This study used a plasmid-based approach to generate a bioluminescent strain of SCHU S4 274 

suitable for real-time visualisation and quantification of pulmonary tularaemia using BLI. 275 

The incorporation of luciferase-encoding plasmids into bacteria is a common approach for the 276 

development of bioluminescent reporter strains (26). Chromosomally integrated luciferases 277 

are often preferred (27) as these are more stable, although sensitivity is generally lower than 278 

using plasmid-based reporters (17, 28). It is recognised that plasmid-based reporters may be 279 

unstable in vivo in the absence of antibiotic selection (23, 29, 30). However, this study 280 

demonstrates that pEDL41 is stably maintained in the absence of antibiotic selection, both in 281 

vitro and in vivo. This plasmid pEDL41 is derived from the pFN10 family of Francisella 282 

shuttle vectors encoding orf4 and orf5 (31). These genes are thought to encode components 283 

of a plasmid addiction system based on homology of orf5 with axe(32) and phd (33) 284 

antitoxins which likely improve plasmid retention in vivo and in vitro (13). In this study, the 285 

concentration of bacteria required to generate a detectable signal in vivo was relatively high, 286 

which may limit the detection of bacteria very early in infection. However, this did not 287 

present a problem when imaging at later time-points in the infection and allowed for 288 

treatment failure and relapse of infection to be visualised. Approach to improve sensitivity 289 
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could include using other reporters such as red-shifted firefly luciferase, which have a lower 290 

metabolic burden (10, 34).  291 

 292 

A significant difference in time to death was observed for mice infected with SCHU S4-lux 293 

compared to animals infected with the parent wild-type SCHU S4 strain. However, there was 294 

no difference in mortality between these groups of animals. These in vivo findings might 295 

reflect the increase in the lag growth phase seen in vitro for SCHU S4-lux compared to 296 

SCHU S4, with similarity between the strains for the growth rate and cell densities in the 297 

exponential and stationary growth phases. This altered growth profile of SCHU S4-lux could 298 

be attributed to the early loss of plasmid in the absence of antibiotic selective pressure. 299 

However, the plasmid stability was calculated as ≥99% in bacteria repeatedly sub-cultured in 300 

non-selective broth and from bacteria isolated from organs suggesting that the extended lag 301 

phase did not simply reflect plasmid loss.  302 

 303 

Studies using S. typhimurium have shown increased global gene expression during the lag 304 

phase with upregulation of nucleotide metabolism and fatty acid biosynthesis (35). Therefore, 305 

it is hypothesised that the substrate and energy requirements of producing a bioluminescent 306 

signal would compete with the energy requirements needed for growth and compromise the 307 

adaptation of bacterial cells during the lag phase. There are a number of published studies 308 

which have documented the level of attenuation expression of luxCDABE confers to bacteria. 309 

Impaired growth in vitro as a function of light intensity is reported for some bioluminescent 310 

Vibrio species (36) and Streptococcus pyogenes (29). In addition, a competitive disadvantage 311 

at the site of infection in vivo has also been reported for S. pyogenes (29) and Citrobacter 312 

rodentium (37). 313 

 314 

This study builds upon previously reported BLI studies using a bioluminescent strain of F. 315 

tularensis LVS in mice (23, 38) and highlights the differences in pathogenesis between 316 

strains of differing virulence. Following an intranasal challenge with LVS-lux, 317 

bioluminescence was first detected in the lungs at 1 dpi and then in the lymph nodes, spleen 318 

and liver by 3 or 4 dpi (23, 38). However, in our study the bioluminescent signal was initially 319 

detected in the spleen at 4 dpi following an intranasal infection with 103 CFU. The 320 

bioluminescent signal could then be detected in the lymph nodes and liver before becoming 321 

systemic; the signal was not detected in the lungs until 5 dpi. The differences in the location 322 
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and spread of signal between LVS-lux and SCHU S4-lux could be due to the differences in 323 

challenge doses used. Infecting with a higher dose (5 x 105 - 1 x 106 CFU) of LVS-lux may 324 

have enabled earlier detection in the lungs than was observed after challenge with 103 CFU of 325 

SCHU S4-lux.  326 

 327 

Early detection of bioluminescence in the lung may be hindered by a number of factors. 328 

Differences in the ability to image infection in different organs can reflect the anatomical 329 

location of the organ within the animal, as signal intensity is inversely proportional to signal 330 

depth (39). Therefore, the limit of detection in the lung was approximately 1-1.5 log higher 331 

than the limit of detection in the spleen or liver. Additionally, the proximity of the lungs to 332 

the heart could further reduce signal intensity as oxy- and deoxyhaemoglobin absorb light 333 

wavelengths between ~400 and 600 nm (40) and an attenuation of the bioluminescent signal 334 

emitted from bacteria located in the lungs has been reported for other pathogens (41).  335 

 336 

The progression of infection visualised using BLI correlated with the bacterial load data from 337 

the organs, with rapid increases in CFU seen in the spleen (4.3 log) and liver (3.9 log) 338 

between 3 and 5 dpi compared to the lungs (1.6 log) over the same period. The kinetics of 339 

bacterial growth in different organs observed in this study are in agreement with previous 340 

studies, with slower bacterial growth in the lungs compared to the liver and spleen following 341 

an intranasal challenge (42-44). Overall, this BLI data supports the idea that it is the 342 

widespread sepsis and systemic inflammation, rather than the primary pneumonia, that 343 

contributes to mortality (45-47).  344 

 345 

Relapse following the withdrawal of antibiotics has been reported clinically (4, 5) and in 346 

experimental animals infected with F. tularensis (43, 48-50). In this study, the initiation of 347 

treatment was delayed until 4 dpi and, following cessation of antibiotics, relapse was 348 

observed in 30% of animals treated with 5 mg kg-1 levofloxacin. The relapse rate in this study 349 

is broadly similar to that previously reported (43). BLI enabled tracking of infection during 350 

relapse and revealed that a bioluminescent signal could be detected in the gastrointestinal 351 

tract 3 days after cessation of antibiotic therapy, before subsequent detection of signal in the 352 

thoracic cavity. After succumbing to the infection at 16 dpi (5 days following termination of 353 

therapy), a bioluminescent signal was localised to discreet foci of infection within the 354 

intestines associated with lymphoid tissue, presumed to be Peyer’s patches. It is possible that 355 

this may represent a site of persistence from which the infection can be re-established since 356 
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persistence in and dissemination from the gastrointestinal tract, specifically the Peyer’s 357 

patches, is widely reported for other pathogens with an intestinal tropism including Bacillus 358 

anthracis (41), Yersinia pseudotuberculosis (51), Mycobacterium avium subspecies 359 

paratuberculosis (52) and Listeria monocytogenes (53). In another study, Ojeda et al. 360 

reported early trafficking of F. novicida to the gastrointestinal tract following infection by 361 

both the intranasal and intratracheal routes, with viable bacteria detected in the Peyer’s 362 

patches (54). Following subcutaneous infection of field voles with F. tularensis sp. holartica, 363 

both intracellular and extracellular bacteria were detected in Peyer’s patches as well as in 364 

intestinal epithelial cells (55). Thus, there is a growing body of data suggesting that 365 

Francisella is able to colonise Peyer’s patches and that, like other pathogens, persistence in 366 

and dissemination from the gastrointestinal tract may contribute to pathogenesis.       367 

 368 

The subsequent re-emergence of a bioluminescent signal in the lungs of SCHU S4-lux 369 

infected mice could indicate bacterial trafficking from the gut to the lungs. Pneumonia 370 

resulting from bacterial translocation via the gut-lung axis has been reported for other 371 

pathogens including L. monocytogenes (53) and S. pneumoniae (56). Additionally, 372 

gastrointestinal microbiota have a role in regulating bacterial translocation and treatments 373 

which disrupt microbiota dynamics such as antibiotics may increase bacterial translocation 374 

(57). Further work is needed to determine the spatiotemporal population dynamics during 375 

relapse of infection with F. tularensis SCHU S4 and to identify whether different sub-376 

populations of bacteria are responsible for re-emergence of infection in different organs, as 377 

previously noted for persistent Salmonella infections (58, 59). 378 

Conflict of interest 379 

The authors have no competing interests. 380 

Authors’ contributions 381 

CAH carried out the experiments and drafted the manuscript. HFS assisted with the imaging 382 

experiments. RT, SVH and HAS contributed to study design and revised the manuscript. All 383 

authors read and approved the final manuscript. 384 

Acknowledgements 385 

We thank Tom Kawula, UNC at Chapel Hill for providing the pEDL41 plasmid. 386 

 on N
ovem

ber 12, 2018 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


14 
 

Figures 387 

Figure 1: Lux marked SCHU S4 is stably replicated and virulent but the lag phase of growth 388 
and the time to death are increased compared to SCHU S4. To determine if the lux reporter 389 
impacted SCHU S4 fitness, (A) growth of SCHU S4-lux in vitro (n=3 separate experiments with 6 390 
technical replicates per experiment), (C) bacterial burden in organs (n=5 animals), and (D) 391 
survival in a BALB/c mouse model were compared to SCHU S4 (n=5 animals). In vitro plasmid 392 
stability and bioluminescence were also measured in the absence of antibiotic selective pressure 393 
(n=3 separate experiments with 3 technical replicates per experiment) (B). Data shown represents 394 
mean values ± S.D. Asterisks * denotes p-values of 0.05. 395 

 396 

Figure 2: In vivo imaging of BALB/c mice infected with SCHU S4-lux by the intranasal route. 397 
On days 3-5 post infection mice were terminally anaesthetised and imaged in ventral and dorsal 398 
alignment. Images shown are representative for groups of 5 mice at each time point. The intensity 399 
of photon emission is represented as pseudo-colour image whereby blue to red represents low to 400 
high radiance efficiency (photons s-1 cm-2 sr-1) respectively.  401 

 402 

Figure 3: In vivo bioluminescent signal quantification in BALB/c mice infected with SCHU 403 
S4-lux by the intranasal route. On days 3-5 post infection mice were terminally anaesthetised, 404 
imaged and culled following image acquisition and organs (lungs, liver and spleen) were 405 
aseptically removed and individually imaged. Images shown are representative for groups of 5 406 
mice at each time point. The intensity of photon emission is represented as pseudo-colour image 407 
whereby blue to red represents low to high radiance efficiency (photons s-1 cm-2 sr-1) respectively. 408 

 409 

Figure 4: SCHU S4-lux growth is slower in lungs compared to the spleen and liver. Groups of 410 
mice (n=5) infected with 103 CFU of SCHU S4-lux were culled at 3, 4 and 5 dpi. The bacterial load in 411 
the lung, liver and spleen were determined by plating organ homogenates onto BCGA plates. 412 
Bacterial numbers are reported as total CFU for each organ. Data shown represents mean values ± 413 
S.D. 414 

 415 

Figure 5: The intensity of the bioluminescent signal strongly correlates with bacterial load 416 
in organs. The correlation between the level of bioluminescent signal detected and the number of 417 
bacteria in the lungs (A), liver (B) and spleen (C) removed from mice infected with 103 CFU of 418 
SCHU S4-lux (n=15). The bioluminescent signal (expressed as total flux) was measured for regions 419 
of interest corresponding to specific anatomical areas. The limits of detection (LOD) were 420 
calculated for each organ using linear regression analysis with the detection threshold set at twice 421 
the average background signal. Data points represent individual animals 422 

Figure 6: Non-invasive optical imaging can be used to visually distinguish between different 423 
antibiotic regimens. Mice infected with 103 CFU SCHU S4-lux were treated with either PBS, 5 mg 424 
kg-1 levofloxacin or 40 mg kg-1 levofloxacin administered by intraperitoneal route and imaged pre-, 425 
during and post-treatment. Representative images are shown for one mouse per group (n=10 mice 426 
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for PBS and levofloxacin treatment groups). Additionally, control groups of mice receiving either 427 
SCHU S4-lux challenge or a PBS sham challenge but no further treatment were included (n=5 mice 428 
for no treatment and sham challenge groups). Image scaling was normalised by converting total 429 
counts to photons/second. The intensity of photon emission is represented as pseudo-colour image 430 
whereby blue to red represents low to high radiance efficiency (photons/s/cm2/sr) respectively. 431 

 432 

Figure 7: Mice receiving different doses of levofloxacin can be distinguished by 433 
bioluminescent signal but not by weight loss early in antibiotic treatment. Total flux from 434 
the thoracic and abdominal regions (normalised by area, cm2) were measured and plotted over 435 
time for animals receiving either 5 mg kg-1 or 40 mg kg-1 levofloxacin with the limit of detection 436 
(LOD) indicated (A). Animal weights were recorded daily and plotted as a percentage weight 437 
change compared to pre-challenge weights (B). Data shown represent mean values ± S.D. (n=10 438 
mice per group). Asterisks, ** and *** denote p-values of ≤0.01 and ≤0.001, respectively. 439 

 440 

Figure 8: Bacterial clearance is not achieved following delayed antibiotic treatment. Groups 441 
of mice (n=10) infected with SCHU S4-lux received either 5 or 40 mg kg-1 of levofloxacin by 442 
intraperitoneal injection. Bacterial loads for the lungs, liver and spleen were determined by plating 443 
organ homogenates onto BCGA plates and the limit of detection (LOD) is indicated. Bacterial 444 
numbers are reported as the total CFU for each organ. Individual data points are plotted and the 445 
central line represents the mean value.  446 

 447 

Figure 9: Non-invasive imaging enables visualisation of antibiotic efficacy. Mice were imaged 448 
before antibiotic treatment started (day 3 and 4), during treatment and up to 18 days after 449 
treatment ceased. Following the infection course of one mouse in the sub-optimal antibiotic (5 mg 450 
kg-1 levofloxacin) treatment group, the bioluminescent signal decreases below the limit of 451 
detection following antibiotic treatment. Once treatment is terminated (day 11) a bioluminescent 452 
signal is detected in the intestine region by day 15 , progressing to a lethal infection with a strong 453 
signal in the lungs.  454 

 455 

Figure 10: Bioluminescence imaging can assist in identifying sites of infection. (a) 456 
Bioluminescence was detected in the intestines of all relapsing mice, shown are representative 457 
images from one mouse (of five relapsing mice). (b) Discreet foci of bioluminescent signal were 458 
observed in regions which did not otherwise show any gross pathology and are presumed to be 459 
Peyer’s patches. 460 

 461 

 462 

463 
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