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Abstract
The gold standard in microbiology for monitoring bacterial dissemination in infected animals has
always been viable plate counts. This method, despite being quantitative, requires sacrificing the
infected animals. Recently, however, an alternative method of in vivo imaging of bioluminescent
bacteria (IVIBB) for monitoring microbial dissemination within the host has been employed.
Yersina pestis is a Gram-negative bacterium capable of causing bubonic, septicemic, and
pneumonic plague. In this study, we compared the conventional counting of bacterial colony
forming units (cfu) in the various infected tissues to IVIBB in monitoring Y. pestis dissemination
in a mouse model of pneumonic plague. By using a transposon mutagenesis system harboring the
luciferase (luc) gene, we screened approximately 4000 clones and obtained a fully virulent, luc-
positive Y. pestis CO92 (Y. pestis-luc2) reporter strain in which transposition occurred within the
largest pMT1 plasmid which possesses murine toxin and capsular antigen encoding genes. The
aforementioned reporter strain and the wild-type CO92 exhibited similar growth curves, formed
capsule based on immunofluorescence microscopy and flow cytometry, and had a similar LD50.
Intranasal infection of mice with 15 LD50 of CO92-luc2 resulted in animal mortality by 72 h, and
an increasing number of bioluminescent bacteria were observed in various mouse organs over a
24–72 h period when whole animals were imaged. However, following levofloxacin treatment (10
mg/kg/day) for 6 days 24 h post infection, no luminescence was observed after 72 h of infection,
indicating that the tested antimicrobial killed bacteria preventing their detection in host peripheral
tissues. Overall, we demonstrated that IVIBB is an effective and non-invasive way of monitoring
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bacterial dissemination in animals following pneumonic plague having strong correlation with cfu,
and our reporter CO92-luc2 strain can be employed as a useful tool to monitor the efficacy of
antimicrobial countermeasures in real time.
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microscopy; flow cytometry; bacterial dissemination

1. Introduction
Yersinia pestis, one of three human pathogenic yersiniae species, has a complicated life
cycle occurring in both arthropod vectors and mammalian hosts (e.g. rats, squirrels, and
prairie dogs). Unfortunately, the arthropod vector can transmit the pathogen to humans in
close proximity to animal reservoirs [1]. The notorious pathogen is responsible for over 200
million deaths stemming from the three major human plague pandemics that it has caused
[2, 3]. In sharp contrast, the closely related pathogenic yersiniae, Y. pseudotuberculosis and
Y. enterocolitica cause a relatively benign self-limiting gastro-intestinal disease in humans
[4]. Today, plague continues to be a problem in endemic regions of India and China where
rodent populations tend to be high. In fact, there are approximately 1000–2000 human
infection cases globally with some instances of infection occurring in the four corners region
of the United States (where Arizona, Colorado, New Mexico, and Utah meet) as well as in
parts of California [5, 6].

Presently, the World Health Organization has designated plague caused by Y. pestis as a re-
emerging infectious disease [7, 8]. More importantly, the weaponization of a multiple-drug
resistant Y. pestis strain poses a significant health threat to society [9, 10]. Since several
clinical isolates of Y. pestis have naturally acquired resistance to chloramphenicol,
streptomycin, and penicillin derivatives [11, 12], recent studies have evaluated the efficacy
of new classes of antimicrobials including the fluoroquinolone levofloxacin and a ketolide
cethromycin in animal models of plague [13, 14]. Even though both of the aforementioned
drugs cleared the plague bacilli when treatment was initiated within 48 h of infection in a rat
model of pneumonic plague [14], additional novel anti-plague drugs need to be developed,
evaluated, and made available to the public. Only recently, levofloxacin was approved by
the Food and Drug Administration (FDA) for plague, and this approval was based solely on
animal efficacy data (http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/
ucm302220.htm). Furthermore, many plague researchers are also alternatively working to
develop an efficacious plague vaccine since currently no vaccine is available for human use
[15].

Taking into consideration the threat of multiple-drug resistant Y. pestis in a biological
warfare setting, against which we have no effective prophylactic vaccine or antimicrobials, a
reporter strain that can provide real-time dissemination information within a host could be a
useful tool when testing the efficacy of novel chemotherapeutics. Similarly, such a tool
would prove useful when holistically measuring the virulence potential of a live-attenuated
vaccine candidate strain or to demonstrate protective efficacy of a subunit vaccine against
plague. In fact, bioluminescent imaging (BLI) has been used for monitoring the
dissemination of Burkholderia following a respiratory infection in mice [16]. While our
studies were in progress, Nham et al. reported monitoring dissemination of Y. pestis in
BALB/c mice in a bubonic plague model of infection [17]. In both instances, BLI allowed
for real-time, semi-quantitative visualization of bacterial loads in various tissues following
bacterial dissemination from the sites of infection at multiple time points. BLI takes
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advantage of either ectopic, plasmid-driven or transposon-mediated, chromosomally-
integrated expression of a luciferase (luc) gene [16].

In this study, we employed the transposon-encoded luminescence operon (pUTmini-
Tn5::luxKm2) to generate our Y. pestis reporter strain, Y. pestis-luc2. The reporter strain did
not suffer any attenuation in its virulence potential, and the luc gene was stably expressed
following its insertion into the pMT1 plasmid. We then characterized bacterial
dissemination of Y. pestis-luc2 in Swiss-Webster mice at various time-points and
determined the impact of levofloxacin treatment (24-h post infection) on bacterial
dissemination using IVIBB.

2. Results
2.1 Generation and characterization of the Y. pestis-luciferase (luc) reporter strains

Since IVIBB has not been previously employed to monitor dissemination of Y. pestis CO92
following an intranasal challenge of mice, we sought to characterize the utility of such an
approach in evaluating the efficacy of an antimicrobial treatment in preventing bacterial
dissemination. Therefore, Y. pestis CO92 cells were transformed with pUTmini-
Tn5::luxKm2 plasmid. We screened approximately 4,000 colonies, indicating either
insertion of the transposon into bacterial chromosome or plasmids or the possibility of
transposon-harboring free plasmid in Y. pestis. Upon, in vivo image analysis of these clones,
5 colonies were initially bioluminescent, and 2 of them (luc1 and luc2) exhibited strong
bioluminescence with radiance above 5 × 106 ρ/sec (i.e., total flux). These 2 clones were
then used to intranasally challenge mice with a 15 LD50. One clone (luc2) consistently
exhibited better bioluminescence in animals compared to the other clone (luc1; data not
shown).

We then examined these two clones to determine the site of transposon insertion. Within
luc2, the transposon insertion was at 1020 base pairs (bp) downstream of the murine toxin
gene (ymt) start codon (located within the pMT1 plasmid). Within luc1, the transposon
insertion was 603 bp downstream of the long-chain fatty acid outer membrane transporter
gene (fadL) start codon. The encoded FadL is essential for the uptake of long-chain fatty
acids (C12 to C18) in Escherichia coli [18].

To ensure that the insertion of transposon harboring the luc gene did not disrupt the caf1
(encoding capsular antigen F1, a virulence associated factor) open reading frame, we used
anti-F1 primary antibodies followed by secondary antibodies conjugated to Alexa Fluor 488
or 594 prior to performing flow cytomteric/immunofluorescence analyses. Doing so enabled
us to evaluate the presence of F1 antigen in both the Y. pesitis-luc2 reporter and its parental
CO92 strain. Relative to the isogenic parental strain, the reporter Y. pestis-luc2 exhibited a
very similar emission spectrum by fluorescent activated cell sorting (FACS) analysis,
demonstrating that the caf1 open reading frame was not disrupted by the integration of the
luc gene into the pMT1 plasmid (Fig. 1A). The one advantage to employing FACS is that it
allows for the analysis of individual cells; as a result, we have used FACS previously for
that very reason [19, 20]. In addition, we also examined the presence of F1 antigen on
bacterial surface by performing immunofluorescence microscopy. The wild-type (WT) Y.
pestis CO92 and its two luc reporter strains (luc1 and luc2) exhibited the presence of F1
antigen (Fig. 1B). As expected, the isogenic Δcaf1 mutant of CO92 strain was devoid of the
F1 antigen (Fig. 1B).

To ensure that growth rates were similar between the WT and luc2 reporter strain, colony
forming units (cfu) were enumerated after liquid culture samples were removed every 2 h
for a 12 h period revealing essentially no difference between the two strains’ growth rates
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(Fig. 2A). To characterize the Y. pestis-luc2 reporter strain using a pneumonic plague
infection model system, mice were intranasally challenged with 5 LD50 of either the Y.
pestis-luc2 reporter strain or the isogenic WT strain. The 80% lethality induced by Y. pestis-
luc2 (achieved 5 days post- infection) mirrored that of its parental strain (Fig. 2B). Taken
together, insertion of the reporter gene in the Y. pestis luc2 strain did not affect its growth or
virulence potential. The use of 5 LD50 allowed us to better discern any difference in
virulence between the WT CO92 and its luc2 reporter strain.

2.2 IVIBB and correlation with Y. pestis dissemination in mice
After determining that Y. pestis-luc2 was fully virulent and did not demonstrate a
compromised growth rate, we infected mice (n=9) intranasally with 15 LD50 and measured
bioluminescence at 24, 36, 48, 60 and 72 h post-infection to evaluate progression of
infection in the same animals (Fig. 3). In addition, another 15 mice were infected with 15
LD50 of Y. pestis-luc2, and at 24, 48, and 72 h post infection, we determined cfu in lungs,
liver, spleen, and blood of 5 animals per time point. At 24 and 36 h post-infection,
essentially no bioluminescence was observed in whole anesthetized animals (Figs. 3A&B
and 4A), and no dissemination of bacteria was noted in liver, spleen, or blood via the viable
plate count method (after 24 h) when homogenized tissues or blood was used (Fig. 4A).
Only lungs were positive for Y. pestis-luc2 and 4/5 mice had cfu in the range of 1.4 × 103–
4.3 × 105/organ, with one animal having cfu of 5.0 × 102. The radiance values of all the
animals remained within a log of the control animal values after both 24 and 36 h for all the
selected organs (Fig. 3F).

At 48 and 60 h post-infection, Y. pestis-luc2 disseminated to other organs in mice (Fig.
3C&D) and bioluminescence was observed in whole anesthetized animals in anatomical
regions of interest (ROIs) where lungs, liver, and spleen would be located (e.g., mouse #s
148 and 152). The total flux values observed at 48 and 60 h post-infection were highest in
those animals with the greatest observable radiance in the images; likewise, profuse
dissemination of bioluminescence bacteria was noted in those same mice (e.g., mouse #s
151 and 154) at the 60 h post-infection time-point (Fig. 3D&F). Bacterial dissemination was
also apparent from viable plate counts at 48 h post-infection of homogenized lungs (average
of 9.4 × 106 cfu/organ), homogenized liver (average of 5.4 × 105 cfu/organ), homogenized
spleen (average of 4.4 × 105 cfu/organ), or blood (average of 6.1 × 104 cfu/ml) (Fig. 4B).

By 72 h following infection, there was dramatic bacterial dissemination as measured by both
IVIBB (Figs. 3E&F and 4C) and viable plate counts of infected tissues (Fig. 4C). IVIBB
demonstrated a profuse dissemination wherein Y. pestis-luc2 could be found virtually
throughout the entire animals’ bodies (3/5 mice; mouse #s 153, 166, and 170 [Fig. 4C]),
with the most intense bioluminescence in regions corresponding to the lungs, liver, and
spleen (Fig. 4C). It is of interest to note that bioluminescence decreased in mice at 72 h post
infection that were found dead at the time of imaging (Fig. 3E&F; mouse #s 146, 147, and
155).

Bacterial loads at 72 h post-infection in the lungs were (average 6.8 × 108) cfu/organ, in the
liver were (average of ~2.0 × 109) cfu/organ, in the spleen were (average of ~1.5 × 109) cfu/
organ, and in the blood were (average of ~1.7 × 109) cfu/ml (Fig. 4C). A peak total flux of
~107 ρ/sec, ~108 ρ/sec, and ~107 ρ/sec was obtained for lungs, liver, and spleen,
respectively which represented an increase of between 3–4 logs from the control animals
between timeframe of 24–60 h post-infection. (Figs. 3F and 4D) In fact, there was a strong
correlation between bioluminescence (radiance) and bacterial loads (as determined by viable
plate counts) in each organ/tissue analyzed between 24–72 h time-point. This was evidenced
by R (regression) values of 0.91, 0.96, 0.99, and 0.99 corresponding to lung cfu vs. radiance,
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spleen cfu vs. radiance, liver cfu vs. radiance, and blood cfu vs. radiance, respectively (Fig.
4E).

2.2 IVIBB and correlation with colony forming units in excised organs
To better acquire IVIBB in infected tissues, harvested organs themselves were scanned
rather than imaging the whole animals. Doing so allowed for a direct comparison of
bioluminescence intensity in 5 infected animals’ tissues and bacterial loads via viable plate
counts at 24 (Fig. 5A), 48 (Fig. 5B), and 72 (Fig. 5C) h post-infection. By 24 h post-
infection, bacterial loads were less than 1.0 × 105 in most cases which did not produce any
detectable radiance and measured radiances were less than 105 ρ/sec (Fig. 5A&D). By 48 h
post infection, bioluminescence was detected visually in the lung tissues of 4/5 infected
animals although an average radiance value 8.7 × 105 ρ/sec was observed in all of the 5
mice, which corresponded to bacterial loads of an average of 9.4 × 106 cfu (Fig. 5B&D). At
72 h post infection, there was strong bioluminescence of at least 3.2 x106 ρ/sec in lungs,
liver, and spleen corresponding to cfu counts of 4.0–4.5 × 107 in lungs and spleen (Fig.
5C&D). In fact, viable cfu in each of the aforementioned tissues and bioluminescence over
24–72 h post infection exhibited a strong correlation in all tissues evaluated (Fig. 5E). More
specifically, R values were 0.96, 0.99, and 0.99 for lung cfu vs. radiance, spleen cfu vs.
radiance, and liver cfu vs. radiance respectively. Thus, in both excised organs as well as in
organs from whole bodies of mice, imaging followed by quantification of radiance using
ROIs demonstrated significant correlation with cfu in lungs, liver, spleen, and or blood.

Finally, bioluminescence of Y. pestis-luc2 bacterial colonies, recovered from lung tissues,
was acquired. The rationale for this study was to confirm that the organisms isolated from
the lung tissue homogenates were the same as the initial culture used for infection of mice
and to determine stability of the reporter strain to produce bioluminescence. A representing
plate with varying dilutions of the lung homogenates is shown in Fig. 6, and the colonies
exhibited radiance values of 2.8 × 108 ρ/sec.

2.4 IVIBB demonstrates reduced microbial dissemination in mice following levofloxacin
treatment

We then evaluated whether IVIBB could be an appropriate tool for measuring the efficacy
of administered antimicrobials following intranasal challenge of mice with 15 LD50 of Y.
pestis-luc2. For these experiments, we employed the fluoroquinolone levofloxacin, which
we had used in pneumonic models of plague previously [13, 14]. Levofloxacin was
administered intraperitoneally (i.p.) at a dose of 10 mg/kg/day for 6 days 24 h post
challenge. At 72 h post-infection, IVIBB was acquired, and bacterial loads in lungs, liver,
spleen, and blood were determined by viable plate counting. The 72 h time point was chosen
for the levofloxacin studies since at this time point the greatest degree of dissemination of
bacteria occurred within animals when no antimicrobials were given (Fig. 4C). Interestingly,
bioluminescence levels were comparable to those observed in non-infected control animals
when levofloxacin was administered 24 h post infection (Figs. 7 and 3F). As determined by
viable plate counts, there were no bacterial loads in liver, spleen, or blood (Fig. 7). This
strongly suggested that the reason why there was no observed bioluminescence in
levofloxacin treated mice was due to lack of bacterial dissemination on account of the
bactericidal activity of levofloxacin-mediated inhibition of DNA gyrase. Even in the lung
tissue itself of levofloxacin treated mice, the site of infection during the intranasal challenge,
only an average of 1.8 × 104 cfu/organ were observed (Fig. 7) compared to an average of 6.8
× 108 cfu/organ load in lung tissue derived from untreated (no levofloxacin) mice at 72 h
post infection (Fig. 4C). In fact, by day 7 post infection in levofloxacin treated mice, there
were no detectable cfu in lung tissues (Fig. 7 inset). For these studies, we preferred to use 15
LD50 of Y. pestis-luc2 so that we could better discern antimicrobial nature of levofloaxcin.
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As carried out for non-levofloxacin treated mice, tissues were harvested from levofloxacin-
treated mice to determine bioluminescence of organs alone, rather than holistically scanning
the entire animal (Fig. 8). As was expected, bioluminescence was at levels of non-infected
mice for liver and spleen but a slight increase in lung bioluminescence over non-infected
animal levels was noted when total flux was measured, with no apparent bioluminescence in
the images for any of the organs. In fact, it appeared that when bacterial loads drop below
105 cfu, bioluminescence could no longer be detected by eye against background radiance in
the images (Fig. 8).

3. Discussion
Y. pestis is a formidable pathogen against which we currently have no effective vaccine
[15]. The imposing threat of a bio-attack against civilians by a weaponized multiple-drug
resistant Y. pestis strain (that is either naturally occurring or has been engineered) has
prompted the evaluation of several antimicrobial agents in rat and murine models of
infection [13, 14]. In fact, levofloxacin which is effective in rodent and non-human primate
models of pneumonic plague was recently approved by FDA for human use [13, 14, 21].
However, additional chemotherapeutics are still needed and being developed, and a facile,
real-time reporter strain, like Y. pestis-luc2, can provide researchers a way in which to
quickly measure antimicrobial efficacy in animal models of infection. In this manuscript, we
demonstrated that IVIBB is an effective tool for measuring bacterial dissemination in a
pneumonic plague infection model using outbred Swiss-Webster mice.

Bioluminescence has been reported to accurately measure bacterial dissemination of both
Burkholderia and Y. pestis in BALB/c mice in recent reports [16, 17]. However, unlike our
studies, the recently published bioluminescence study of Y. pestis followed a mouse model
of bubonic plague [17]. We believe that a pneumonic model of infection more accurately
represents how the pathogen would be spread following an above mentioned bio-attack. Our
recent studies demonstrated that mice and rats infected with Y. pestis via either intranasal or
aerosol route exhibited similar kinetics of disease progression, bacterial dissemination,
organs’ histopathology and cytokine production [22, 23]. By using bioluminescence reporter
strain, we have viewed dissemination of Y. pestis for the first time in real time following
intranasal challenge. There seems to be animal-to-animal variation in the kinetics of
dissemination of bacteria. For example, the infection seemed to be confined to one lung
(mice #146, 147, 150, and 153), while in other mice (#148, 151, 152, 154, and 160), the
organism disseminated widely to peripheral organs. However, irrespective of this variation
in bacterial spread from one animal to another, the infection was invariably been fatal (Fig.
3).

The insertion of the luciferase reporter gene occurred in the ymt gene, encoding the murine
toxin, allowing for the toxin promoter to drive expression of the genes encoding luciferase
enzyme and the substrate. Murine toxin is homologous to the phosplipase D superfamily of
proteins and is essential for successful transmission of bacteria from a flea vector [24, 25].
Disruption of the ymt gene has been shown to negligibly affect the virulence of Y. pestis
mutant strains [24].

Our data strongly support previously published reports that claim bioluminescence imaging
is an effective real-time method to monitor bacterial dissemination of Salmonella
Typhymurium [26], E. coli [27], Mycobacterium tuberculosis [28], Burkholderia [16], Y.
pestis during bubonic plague [17], and now pneumonic plague (this study). Generally, the
intensity of luminescence correlated well with bacterial loads (Fig. 4D and 5D.), although it
might still be affected by other factors such as the expression level of the luminescence
gene, type of tissues examined, and the condition of the examined tissues. Despite the
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possible lack of correlation between radiance and cfu loads at the level of organs in dead
animals (Fig 3E) potentially due to diminished oxygenation in deceased animals, both whole
mouse imaging of live mice as well as imaging of excised organs clearly showed a
significant correlation of luminescence intensity with cfu from lung, liver, spleen, and blood.
Taken together, these data demonstrated that IVIBB is an effective way to measure bacterial
dissemination of Y. pestis following an intranasal challenge in real time, albeit in a slightly
less sensitive manner than viable plate counts. Further, IVIBB can be extremely useful in
measuring the efficacy of novel antimicrobial agents in killing and preventing bacterial
dissemination. Additionally, IVIBB can also be useful for measuring the virulence potential
of putative live-attenuated vaccine candidate strains in real time.

4. Materials & Methods
4.1 Strains and reagents

For all mouse infections, the fully virulent Y. pestis CO92 strain (obtained from the
Biodefense and Emerging Infections [BEI] Research Resources Repository, Manassas, VA)
was used. The out-bred Swiss-Webster mice were purchased from Taconic, Germantown,
NY.

The Y. pestis-luciferase (luc) reporter strains were generated following electroporation of
pUTmini-Tn5::luxKm2 plasmid as previously described [16] into the Y. pestis CO92 strain.
This mini-transposon contains a promoterless luminescence operon lux and a kanamycin
cassette for transposon selection [29]. The lux operon consists of five genes, luxCDABE.
The luxCDE operon encodes a fatty acid reductase complex involved in synthesis of the
fatty aldehyde substrate for the luminescence reaction catalyzed by the luciferase LuxAB
subunits [30]. Only those transposon mutant strains in which the lux operon is under the
control of an active gene promoter from the Y. pestis genome will produce luminescence
[17]. Following the screening of transposon mutants, the colonies stably expressing and
producing the greatest amount of luminescence were selected for all subsequent studies. The
insertion sites of transposons in two such mutant colonies that optimally produced luciferase
were determined by chromosomal walking by using primer T7:
5′GCACTTGTGTATAAGAGTCAG 3′ which corresponds to the DNA sequence adjacent
to the O-end of mini-transposon Tn5 [31].

4.2 Growth curves and fluorescent activated cell sorting [FACS])/immunoflourescence
The WT Y. pestis CO92 and its luc2 mutant were grown to saturation and subsequently
diluted 1:100 with 50 ml of Heart infusion broth (HIB) medium into a HEPA-filtered TOP
polycarbonate Erlenmeyer culture flasks (OD ~ 0.1). Subcultures were grown at 28°C with
agitation for 12 h. Samples from each flask were taken at 2 h intervals, and serial dilutions
were used for viable plate counts. The HIB agar plates were incubated at 30°C for 48 h
before enumerating bacteria (cfu/ml).

For flow cytometric/immunofluorescence analyses, WT Y. pestis CO92, its isogenic
capsular negative (caf1−) mutant, and Y. pestis-luc were grown and harvested as we
previously described [19]. The harvested bacteria were fixed with 4% formaldehyde, stained
with capsular (F1) antigen antibodies followed by goat anti-mouse secondary antibodies
conjugated with Alexa Fluor 488. After washing, the bacterial cells were resuspended in 2%
formaldehyde and approximately 30,000 cells were acquired on FACS Canto (BD
Biosciences, San Diego, CA). The data were analyzed using FACS DIVA software (BD
Biosciences) and FCS Expression Version 3 (De Novo Software). For a negative control, we
also stained cells with isotype-matched irrelevant antibodies (instead of the F1-specific
antibodies). For performing immunofluorescence microscopy, an aliquot of fixed bacterial
cells (10 μl) was absorbed on a poly-L-lysine-coated glass slide, which was dried and
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mounted with a coverslip. The slides were then examined by using a Nikon Ti microscope
(Melville, NY). For immunofluorescence imaging, we used secondary antibodies that were
conjugated with Alexa Fluor 594.

4.3 Animal infections
For animal mortality studies, female Swiss Webster mice (n=5; 6–8 weeks old) were
infected intranasally with either 5 LD50 of WT Y. pestis CO92 or Y. pestis-luc2 (1 LD50 of
WT Y. pestis CO92 is approximately 500 cfu) in an animal biosafety level 3 (ABSL3)
facility in the Galveston National Laboratory [14]. Animal survival was monitored for a
period of 30 days.

4.4 IVIBB and bacterial determination
For IVIBB, a previously published protocol was followed [16]. Briefly, animals (n=9) were
infected with 15 LD50 of Y. pestis-luc2 by the intranasal route. After 24, 36, 48, 60, and 72
h post infection, all mice were subjected to in vivo imaging using an IVIS 200
bioluminescent and fluorescence whole-body imaging workstation (Caliper Corp. Alameda,
CA) after lightly anesthetizing the animals under isofluorane. The bioluminescent scale is
provided within the figures and it ranges from most intense (red) to least intense (violet)
scaled based on radiance intensity. Simultaneously, animals (n=15) were infected with 15
LD50 of Y. pestis-luc2 by the intranasal route. After 24, 48, and 72 h post infection, these
animals (n=5) were humanely sacrificed, and various organs such as lungs, spleen, and liver
as well as blood were harvested, homogenized when necessary, and subjected to plate counts
by using sheep blood (5%) agar plates (Becton Dickinson, Sparks, MD).

We also treated a group of mice (n=5) with a protective dose of levofloxacin after infection
with 15 LD50 of Y. pestis-luc2. Levofloxacin was administered via the i.p. route once daily
24 h post- pneumonic challenge at 10 mg/kg/day for 6 consecutive days as previously
described [13, 14].

Quantitation of radiance by regions of interest (ROIs) was accomplished using Living Image
software (Caliper Life Sciences, Alameda, CA). ROIs of the same shape and area were
replicated across images measuring total flux (ρ/sec) to determine radiance. Data obtained
were then plotted against cfu for various organs and analyzed by linear regression using
Sigmaplot (Systat Software, San Jose, CA).
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Highlights

• A bioluminescent Y. pestis strain expressing luciferase (luc) gene was
generated.

• Y. pestis-luc2 strain exhibited similar virulence in mice as the parental strain.

• By 48 h post infection, bioluminescence can be seen in mouse organs by
imaging.

• No bioluminescence was seen in animals given levofloxacin 24 h after infection.

• Strong correlation was noted between bioluminescence and colony forming
units.
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Figure 1.
A. Flow cytometric analysis of Y. pestis-luc2 F1 antigen. The production of F1 antigen by
the WT Y. pestis CO92 (green) and Y. pestis-luc2 (blue) was evaluated by using specific
antibodies to F1 or isotype-matched irrelevant antibodies (black), followed by detection with
Alexa-488 labeled secondary antibodies. B. Immunofluorescence microscopy of fixed Y.
pestis cells by using F1 primary antibodies and Alexa-594 conjugated secondary antibodies
(magnification 400X).
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Figure 2.
Growth curve and 5 LD50 intranasal challenge of Swiss Webster mice (n=5). A. Growth
curve data based on viable plate counts of both the WT and Y. pestis-luc2 reporter strains is
depicted. An arithmetic mean ± standard deviation was plotted from biological replicates. B.
Percent survival of mice is graphically represented.
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Figure 3.
Bioluminescence imaging of Swiss Webster mice. A–E. A group of 9 mice were intranasally
challenged with 15 LD50 of Y. pestis-luc2 and all animals were scanned at 24 (A), 36 (B),
48 (C), 60 (D), and 72 h (E) post infection. The bioluminescent scale is within the figures
and ranges from most intense (red) to least intense (violet). Total flux was measured in
ROIs, e.g., in lungs, and liver and spleen (time points 24–72 h) for all animals (F). *
represents those animals that were found dead but were imaged. Arrows point to ROIs (e.g.,
lungs, liver, and spleen).
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Figure 4.
Correlation between bioluminescent imaging (radiance) of whole mice and cfu loads (per
organ or ml) in harvested tissues (lungs, liver, spleen, and blood) from Swiss Webster mice
(n=15) 24 (A), 48 (B), and 72 (C) h post-infection. The actual number of bacterial counts is
also shown for all animals. The bioluminescent scale is within the figures and ranges from
most intense (red) to least intense (violet). D. Total flux was measured in ROIs, e.g., in
lungs (time points 24–72 h), and liver and spleen (time points 48–72 h) for all animals. E.
Demonstrates correlation between radiance and cfu loads via linear regression of 24, 48, and
72 h samples, and R values are shown. Each point represents one animal. Points with cfu
below 105 were excluded as they were outside the linear range of the data set.
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Figure 5.
Bioluminescent imaging and corresponding cfu loads of harvested lungs, spleen, and liver of
Y. pestis-luc2 infected mice (n=15) at 24 (A), 48 (B), and 72 (C) h post infection. The
bioluminescent scale is within the figures and ranges from most intense (red) to least intense
(violet). D. Total flux was measured in excised organs, e.g., in lungs (time points 24–72 h),
and liver and spleen (time points 48–72 h) for all animals. E. Demonstrates correlation
between radiance and cfu loads via linear regression of 24, 48, and 72 h samples, and R
values are shown. Each point represents one animal. Points with cfu of zero were excluded.
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Figure 6.
Bioluminescent imaging of bacterial colonies derived from infected lung tissue 72 h post-
infection of mouse #150 (Figure 5C). Cultures derived from infected lung tissue were
diluted serially and plated in duplicate. The numbers 10−1 to 10−6 represent 10 fold
dilutions. The bioluminescent scale is within the figures and ranges from most intense (red)
to least intense (violet).
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Figure 7.
Bioluminescent imaging 72 h post infection of Swiss Webster mice (n=5) treated with
levofloxacin at 24 h post infection for 6 days. These animals were intranasally challenged
with 15 LD50 of Y. pestis-luc2 and were scanned for bioluminescence. Levofloxacin was
administered to mice by the i.p. route at 10 mg/kg/day. Dissemination was monitored at 72 h
post-infection by harvesting lungs, liver, spleen, and blood. Radiance was monitored using
ROIs of mice at 72 h post-infection and represented as total flux in lungs, liver, and spleen
of each animal. The bioluminescent scale is within the figures and ranges from most intense
(red) to least intense (violet). The inset represents cfu in lungs from 2 remaining mice after 7
days of infection. The horizontal bar represents average number of bacteria per organ or ml
of the blood.
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Figure 8.
Bioluminescent imaging of harvested tissues from 3 levofloxacin treated Swiss Webster
mice 72 h post-infection (from Figure 7). Radiance was monitored in excised organs of mice
at 72 h post-infection and represented as total flux in lungs, liver, and spleen of each animal.
The tables show cfu in various tissues. The bioluminescent scale is within the figures and
ranges from most intense (red) to least intense (violet).
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