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Abstract Francisella tularensis, the causative agent of
tularemia, has attained the status of one of the high priority
agents that could be used in the act of bioterrorism. Cur-
rently, there is no licensed vaccine for this highly infectious
intracellular pathogen. Being a listed ‘Category A’ agent of
the U.S. Center for Disease Control and Prevention (CDC),
vaccines and therapeutics are immediately required against
this pathogen. In this study, an immunoproteomic approach
based on the techniques of 2-dimensional gel electrophore-
sis (2DE) and immunoblotting combined with mass spec-
trometry (MS) was used for elucidation of immunogenic
components and putative vaccine candidates. Whole-cell
soluble protein extract of F. tularensis LVS (Ft LVS) was
separated by 2DE, and immunoblots were developed with
sera raised in rabbit after immunization with heat-killed Ft
LVS. A total of 28 immunoreactive proteins were identified
by tandem mass spectrometry. Rabbit immunoproteome of
F. tularensis was compared with those previously reported
using sera from human patients and in murine model. Out
of 28 immunoreactive proteins identified in this study, 12
and 17 overlapping proteins were recognized by human
and murine sera, respectively. Nine proteins were found
immunogenic in all the three hosts, while eight new immu-
nogenic proteins were found in this study. Identified immu-
noreactive proteins may find application in design and
development of protein subunit vaccine for tularemia.
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article (doi:10.1007/s00284-017-1217-y) contains supplementary
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Introduction

Francisella tularensis is a highly infectious zoonotic patho-
gen causing tularemia in humans. It is a non-spore form-
ing, Gram-negative, aerobic intracellular bacterium with
low infectious dose (<10 CFU) and high mortality rate, if
left untreated. First identified in 1911 in ground squirrels
in Tulare County of California, F. tularensis is comprised
of four recognized subspecies: tularensis, holarctica, novi-
cida, and mediasiatica. Out of these, subspecies tularensis
is considered the most virulent in humans, while subspe-
cies holarctica is the cause of most of the naturally occur-
ring cases of tularemia [11].

Lower infective dose, ease of aerosolization, broad host
range, and pulmonary route of infection qualifies F. tular-
ensis as an agent of choice for bioterrorism [10]. Much of
the research in recent years on F. tularensis is focused on
the development of an effective vaccine against it. Hitherto,
no licensed vaccine exists against this pathogen; although
an attenuated live vaccine strain (LVS) has been used that
gives partial protection to humans against respiratory chal-
lenge. Use of Ft LVS as vaccine is fraught with shortcom-
ings due to the ambiguous source of attenuation and con-
cern about reversion to a virulent phenotype [28].

Host immune response to Francisella infection and pro-
tection rendered by Ft LVS is poorly understood. Similar to
other intracellular pathogens, protection is mainly due to T
cell-based immune response against F. tularensis infection.
However, harmony between humoral and cell-mediated
immunity is essential to attain absolute protection against
F. tularensis, and elevated antibody titer has been observed
in both animals and humans following vaccination or expo-
sure with F. tularensis [19]. Recently also, B cell func-
tions have been shown to play important role in protecting
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BALB/cByJ mice against LVS lethal challenge vaccinated
with suboptimal vaccines [7].

Immunoproteomics is a powerful method to explore
immunogenic antigens as safe subunit vaccine to protect
against pathogenic bacteria, and this approach has been
used for a variety of microorganisms [9]. The immune
response to LVS has been studied in depth in mice [3, 12,
15, 31-33], and the pattern of their susceptibility has been
found different than humans. Previous studies have exam-
ined the immunogenicity in murine and human models [14,
17, 18], but the results have not been correlated using other
animal models. Unlike humans, mice are highly responsive
to all the subspecies of F. tularensis. Therefore, extrapola-
tion of immunogenicity data from murine model to humans
is not likely to be entirely predictive [22]. For that reason,
successful development of any vaccine candidate against
F. tularensis will require the use of other animal models to
confirm efficacy and safety.

Rabbits constitute a valuable model for Francisella
as they reflect the key patho-physiological features of the
human disorder. In addition to showing gross pathology
comparable to humans infected with virulent F. tularen-
sis, rabbits are more resistant to Ft LVS [25]. Thus, further
investigations will be useful to characterize the immune
response of rabbits to F. tularensis to make predictive
correlation of protection in humans. Therefore, this study
focused on identifying immunogenic proteins of Franci-
sella in a rabbit model with a view that these may be use-
ful in developing a subunit vaccine for protection against
tularemia.

Materials and Methods
Bacterial Cell Culture and Reagents

Francisella tularensis type B LVS (NCTC 10857), obtained
from Health Protection Agency, UK was cultivated on
cysteine heart agar (Difco, Germany) supplemented with
9% sheep blood at 37°C for 48h in BSL-3 laboratory,
DRDE, Gwalior. Briefly, a single colony was inoculated
into Tryptic Soy Broth (Difco Laboratories) containing
0.1% cysteine and incubated overnight at 37 °C under con-
tinuous agitation. All chemicals and reagents were pro-
cured from Sigma-Aldrich, USA unless if not specified.

Preparation of Whole-Cell Extract

Bacteria were harvested by centrifugation at 10,000 g for
10 min, and the cell pellet was washed twice with ice-
cold sterile distilled water. Cell pellet was resuspended
in modified lysis buffer (7 M urea, 2 M thiourea, 1.0%
NP-40, 4% CHAPS, and 1% DTT) as described earlier [31].
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Centrifugation at 8000xg for 10 min at 4°C resulted in
total soluble protein in the supernatant fraction. The protein
concentration of the bacterial lysate was quantified using
the Bicinchoninic acid kit as per manufacturer’s instruc-
tion (Sigma, USA). One milligram of protein in the solu-
tion was precipitated with trichloroacetic acid (TCA) at a
final concentration of 10% (w/v). After overnight incuba-
tion at 4 °C, the protein pellet was collected by centrifuga-
tion (10,000xg, 4°C, and 10 min) and washed twice with
acetone. The pellet was air-dried for 5 min and stored at
—80°C until use.

Serum Samples

Animal experiments were approved by the Institutional
Animal Ethical Committee at DRDE, Gwalior, wide reg-
istration number 37/1999/CPCSEA; and Institutional
Biosafety Committee (IBSC), wide protocol number
ISBC/12/BT/DVK/4. Efforts were made to ensure mini-
mum suffering of animals during experimentation. Heat-
killed cells were prepared by incubating at 65°C for 2 h
on circulating water bath. Anti-Ft LVS serum was raised
in New Zealand white rabbit by subcutaneous injection
of heat-killed Ft LVS strain NCTC 10857 (10'° CFU).
Blood was drawn from marginal ear vein of rabbit 42 days
after immunization with Ft LVS, and serum was prepared
by centrifugation (10,000xg, 4°C, 10 min) and stored at
-20°C until use.

Two-Dimensional Gel Electrophoresis

The protein pellet was resuspended in modified sample
rehydration buffer (7 M urea, 2 M thiourea, 1.0% NP-40,
4% CHAPS, 1% DTT, and 0.5% v/v IPG buffer pH 3-10)
as described earlier [31]. For the first dimension, the
extracted proteins were separated using immobilized pH
gradient strips (IPG) of 7 cm size with a pH range from 5 to
8 (Bio-Rad, USA) using 500 pg protein in 150 pl rehydra-
tion solution after overnight passive rehydration. Proteins
were focused at 10,000 Vh at 20 °C under mineral oil on a
Protean IEF Cell (Bio-Rad, USA). Subsequently, proteins
were reduced and alkylated by incubating the strips for
10 min in 2 ml equilibrium buffer I (6 M urea, 20% w/v
glycerol, 2% w/v SDS, and 1% w/v DTT in 50 mM Tris/
HCI buffer, pH 8.8) followed by another 10-min incubation
in equilibrium buffer II (6 M urea, 20% w/v glycerol, 2%
w/v SDS, and 4% w/v iodoacetamide in 375 mM Tris/HC1
buffer, pH 8.8). After the equilibration steps, strips were
transferred to 12% SDS-PAGE for the second-dimension
electrophoresis. Second-dimension polyacrylamide gels
were run in duplicate; first one was used for blotting and
the second was stained with Coomassie Brilliant Blue R to
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serve as a 2D reference map. Gel images were captured by
GS800 densitometer (Bio-Rad, USA).

Immunoblotting

Proteins separated by 2D PAGE were electroblotted onto
PVDF membranes (Immobilon-P, 0.45 pm, Millipore)
at 100 V for 1 h using Trans-Blot Cell (Bio-Rad, USA).
Membranes were incubated overnight in PBS containing
5% wiv skimmed milk powder at 4 °C with constant shak-
ing. Following three 10-min washes with PBST, the PVDF
membrane was incubated with rabbit anti-Ft LVS serum
diluted 1:8000 in PBST containing 2% w/v skimmed milk
powder. Similarly, diluted healthy rabbit serum was used
as control. After incubation for 1 h at room temperature
with gentle shaking, blots were washed with PBST fol-
lowed by incubation with peroxidase-conjugated goat anti-
rabbit immunoglobulins (diluted 1:1000 in PBS) for 1 h at
room temperature. Reactive spots were visualized using 3,
3'-diaminobenzidine (DAB) in the presence of hydrogen
peroxide, and images were captured using GS800 densi-
tometer (Bio-Rad, USA). Immunoblotting experiments
were conducted in duplicate to ensure reproducibility.

In-Gel Digestion

In-gel digestion was carried out using the method previ-
ously described [20]. Briefly, gel pieces corresponding to
immunoblots were excised from 2DE gels and destained
at room temperature with 200 ul of 50 mM NH,HCO; /
acetonitrile (1:1, v/v) for 1 h. Proteins were reduced and
alkylated and after drying the gel pieces with acetonitrile
(ACN), 100 ng trypsin (in 50 mM NH,HCO;) was added
to each piece. Tryptic digestion was carried out overnight
at 37°C. Peptides were extracted with 50% ACN and 0.1%
trifluoroacetic acid (TFA), vacuum dried, and resuspended
in 5 ul of 50% ACN and 0.01% TFA before MS analysis.

Identification of Protein Spots by Tandem Mass
Spectrometry

Proteins, after tryptic digestion, were identified by MALDI
TOF/TOF Analyzer (4800, AB Sciex, USA) as described
earlier [20]. Digested peptides were mixed with 1:1 vol-
ume of the CHCA matrix solution (10 mg/ml in 50% ACN
and 0.1% TFA) and spotted onto the target plate. Digested
proteins were subjected to identification using conditions
as previously described with some modifications [20].
Briefly, a six component peptide standard was used in
a mass range of 905-3660 Da; a default calibration was
applied with 13 callibration points. Mass spectra (MS1)
were recorded in the reflector positive mode using a laser
(wavelength 355 nm) operated at a 200 Hz repetition rate

and an accelerated voltage at 2 KV. In a data-dependant
acquisition (DDA) mode, MS/MS spectra were acquired for
20 strongest precursors selected between 850 and 4000 Da.
A filter of signal-to-noise ratio greater than 20 from one
MS scan was for precursor selection. Precursor ions were
selected by timed ion selector (TIS), and fragmentation was
carried out by collision-induced dissociation (CID) using
air as collision gas at 1KV energy and a recharge pres-
sure threshold of 1.5e-006. At least 1200 and 1600 laser
shots were accumulated to obtain MS and MS/MS spectra,
respectively, and peak list was generated using the 4000
Series Explorer Software v. 3.5 (Applied Biosystem, USA).
The peak list was searched against non-redundant protein
sequence database of NCBI (NCBInr 25122011, 16338050
sequences). Search parameters were as follows: trypsin
digestion with one missed cleavage, variable modifica-
tions (oxidation of methionine, and carbamidomethylation
of cysteine) and peptide mass tolerance for precursor ions
was +0.6 Da, and the mass tolerance for fragment ions was
+0.3 Da. For all proteins successfully identified by MS/
MS, MASCOT score greater than 60 was accepted as sig-
nificant (p-value < 0.05).

Bioinformatics Tools

Bioinformatics approaches were applied to proteins identi-
fied from the Ft LVS. Subcellular protein localization was
predicted with PSLpred [2]. Classical signal peptides were
detected with SignalP (ver. 4.1) (http://www.cbs.dtu.dk/
services/SignalP), and signal peptides of lipoproteins were
predicted with LipoP (ver. 1.0) (http://www.cbs.dtu.dk/ser-
vices/LipoP). Non-classically secreted proteins were pre-
dicted with SecretomeP (ver. 2.0) (http://www.cbs.dtu.dk/
services/SecretomeP).

Results

Identification of Immunogenic Proteins from F.
tularensis LVS

Whole-cell lysate of Ft LVS was separated on 2DE gel
(Fig. 1a) and the corresponding Western blot was probed
with serum from rabbit immunized with LVS (NCTC
10857). Representative Western blot is shown in Fig. 1b
with a total of 38 immunogenic protein spots in the pH
range 5-8, corresponding to 28 unique proteins identi-
fied by MALDI-TOF/TOF analysis (Table 1). Multiple
charge variants for some of the proteins were observed,
and for most of the proteins, the identification was based
on the MS—MS analysis of two or more matched peptides
with significant scores in the Mascot database search
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Fig. 1 Coomassie-stained 2D reference gel (a) and representative 2D immunoblot (b) showing immunoreactive proteins of F. tularensis LVS in
pH range 5-8. Table 1 refers identified immunogenic protein spots indicated by numbers

(Table S1). Specific details of MS/MS analysis are given
in supplementary Table S1. As the protein identification
was based on an ion search at the NCBI non-redundant
database in the taxonomic group of Bacteria (16,338,050
entries), chances of false-positive hits are substantially
reduced. The MW and pl values of the protein spots on
the 2-DE gels were compared with the theoretical MW
and pl values of corresponding proteins from Francisella
(Table S1). It showed a close match on most of the occa-
sions that further indicates unambiguous identification
of proteins. A few differences between theoretical and
experimental values could be attributed to post-transla-
tional proteolytic processing and modification, cleavage
of alkaline regions, and the phosphorylation of multiple
residues. Serum from immunized rabbit showed intense
reactivity with the outer membrane protein FopA. Other
proteins of LVS strain that showed immunoreactivity
included peptidoglycan-associated lipoprotein, intra-
cellular growth locus, acetyl-CoA carboxylase, malo-
nyl CoA-acyl carrier protein transacylase, ABC trans-
porter, ATP-binding protein, rhodanese, elongation
factor Tu, elongation factor EF-Ts, elongation factor G,
dihydrolipoamide acetyltransferase, fumarate hydratase,
UDP-glucose/GDP-mannose ~ dehydrogenase,  ClpB
protein, chitinase family 18 protein, glutamate dehy-
drogenase, chaperonin protein DnakK, chaperonin pro-
tein groEL, inosine-5-monophosphate dehydrogenase,
malate dehydrogenase, peroxidase/catalase, aspartyl/
glutamyl-tRNA amidotransferase, cell division protein,
dihydrolipoamide dehydrogenase, acetyl-CoA acetyl-
transferase, and succinyl-CoA synthetase. In addition,
three hypothetical proteins FTL_1225, FTL_0572, and

@ Springer

FTL_0637 also indicated immunoreactivity with Anti-Ft
LVS serum.

Bioinformatic Analysis of Immunoreactive Proteins

Properties of the immunogenic proteins were examined
according to computationally predicted features to deter-
mine whether a particular type of protein was overrepre-
sented. The identified proteins were classified according
to the Clusters of Orthologous Groups (http://www.ncbi.
nlm.nih.gov/COG/) where the identified proteins were
arranged according to predicted function. Pie chart shows
that majority of the proteins belonged to the category of
energy production and conversion (14%); translation, ribo-
somal structure, and biogenesis (14%); and post-transla-
tional modification, protein turnover, and chaperones (14%)
(Fig. 2a). This was followed by 11% of the identified pro-
teins predictably involved in the cell wall, membrane, and
envelop biogenesis. PSLpred method was used to predict
the subcellular localization of proteins based on various
features of proteins such as amino acid sequence, dipeptide
composition, physiochemical properties, and information
of PSI-Blast. Graphical Fig. 2b shows that the majority of
identified immunoreactive proteins were predicted to be
cytoplasmic in location (71%), followed by extracellular
(11%), outer membrane (7%), inner membrane (4%), and
periplasmic (7%) proteins.

Among these immunoreactive antigens, two (pepti-
doglycan-associated lipoprotein and hypothetical protein
FTL_1225) were predicted as lipoproteins and three car-
ried signal peptidase I-cleavage sites (hypothetical protein
FTL_0572, chitinase, and outer membrane protein FopA).
Nine proteins (peptidoglycan-associated lipoprotein,
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Table 1 Immunoreactive proteins of F. tularensis live vaccine strain (NCTC 10857)

S.No. Protein name*& Spot ID° Immunoreactivity previously reported® CoG! SignalP® SecretomeP' LipoP¢ PSLpred"
Human Mice

1. Peptidoglycan-associated No No COG2885 (M) YES YES SPII OM
lipoprotein [1]

2. Intracellular growth locus, [15, 16, 23] [30] no COG NO NO 0 Cyt
subunit C [2]

3. Acetyl-CoA carboxylase, bio- [16, 17, 23, 29] [3, 12, 33] COGO511 (HI) NO NO 0 Cyt
tin carboxyl carrier protein
subunit [3]

4. FTL_1225 (Hypothetical No No no COG YES YES SPII EC
protein) [4]

5. ABC transporter, ATP-bind- No [33] COGO0396 (O) NO NO 0 M
ing protein [5]

6. Rhodanese [6] No No COG0607 (P) NO YES 0 Cyt

7. Glutamate dehydrogenase [14] No COGO0334 (E) NO NO 0 Cyt
[7, 10]

8. Inosine-5-monophosphate [17] No COGO516 (F) NO NO 0 Cyt
dehydrogenase [8, 9, 29]

9. Molecular chaperone DnaK  [14, 16-18, 23, 29] [3, 12, 15, 30, 32,33] COG0443 (O) NO YES 0 Peri
[11,36]

10. Chaperonin protein groEL [14, 16, 17,23,29] [3, 12, 15,30, 32,33] COG0459 (O) NO NO 0 Cyt
[12,31]

11. Chitinase [13] No [3, 15, 32, 33] COG3325(G) YES YES SP1 EC

12. Peroxidase/catalase [14, 33] [14, 17, 18, 23] [3, 15, 30, 32, 33] COGO0376 (P) NO YES 0 Peri

13. Malonyl CoA-acyl carrier No [15, 32] COGO0331 (P) NO NO 0 Cyt
protein transacylase [15]

14. Outer membrane protein [14, 17] [3, 12, 15, 30, 32, 33] COG2885 (M) YES YES SP1 OM
FopA [16, 18, 19]

15. Elongation factor Tu [17] [16, 17] [15, 30, 32, 33] COGO0050 J) NO NO 0 Cyt

16. Succinyl-CoA synthetase [21] No [15, 33] COG0074 (C) NO NO 0 Cyt

17. Aspartyl/glutamyl-tRNA No No COGO0154 J) NO NO 0 Cyt
amidotransferase subunit
A [22]

18. Hypothetical protein No No NOG56599 YES YES SP1 EC
FTL_0572 [23]

19. Cell division protein FtsZ [17, 23] [32, 33] COGO0206 (D) NO NO 0 Cyt
[24]

20. Hypothetical protein No No COG0491 (R) NO NO 0 Cyt
FTL_0637 [25]

21. Dihydrolipoamide dehydro-  [17] [3] COG1249 (C) NO NO 0 Cyt
genase [26]

22. Acetyl-CoA acetyltransferase No No COGO0183(I) NO NO 0 Cyt
[27, 28]

23. Elongation factor EF-Ts [30] No [12, 15, 30, 33] COG0264 J) NO NO 0 Cyt

24. UDP-glucose/GDP-mannose  No [33] COG0677 (M) NO NO 0 Cyt
dehydrogenase [32]

25. Elongation factor G [34] No [32, 33] COG0480J) NO NO 0 Cyt

26. Dihydrolipoamide acetyl- No No COGO0508 (C) NO YES 0 Cyt
transferase [36]

27. Fumerate hydratase [37] No No COG1838 (C) NO NO 0 Cyt
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Table 1 (continued)

S. No. Protein name*& Spot ID° Immunoreactivity previously reported® CoG¢ SignalP® SecretomeP’ LipoP® PSLpred"
Human Mice
28.  ClpB protein [38] (17] (15, 33] COG0542 (0) NO NO 0 Cyt

# Name of immunogenic protein of F. tularensis LVS corresponding to spot

® Spot numbers are indicated in Fig. 1

¢ Seroreactivity previously reported

4 Functional group assignment (http://www.ncbi.nlm.nih.gov/COG/)

¢ Presence of signal peptide predicted by SignalP 4.1

f Non-classical, i.e., non-signal peptide triggered protein secretion by SecretomeP 2.0

& Prediction of lipoproteins and signal peptides using LipoP 1.0

" Prediction of protein subcellular localization using PSLpred Cyz cytoplasmic, EC extracellular, OM outer membrane, /M inner membrane. peri

pe

[Nog] [N
3%

(a)

No related COG
7%

[C]
14%

14%

(b)

Periplasm [7%]
Inner membrane [4%)]

Extracellular [11%]

Outer Membrane [7%)]

[C] Energy production and conversion
[J] Translation, ribosomal structure and biogenesis

[O] Posttranslational modification, protein turnover, chaperones

[M] Cell wall/membrane/envelope biogenesis

[P] Inorganic ion transportand metabolism

[I] Lipid transport and metabolism

No related COG

[NOG] Non supervised orthologous group

[HI] Coenzyme transportand metabolism, Lipid transportand
metabolism

[D] Cell cycle control, cell division, chromosome partitioning
[R] General function prediction only

[G] Carbohydrate transportand metabolism

[E] Amino acid transport and metabolism

[F] Nucleotide transport and metabolism

Fig. 2 Graphical representation of a clusters of orthologous groups (COGs) and b predicted subcellular location using PSLpred method, for

identified immunoreactive proteins (color figure online)
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dihydrolipoamide acetyltransferase, HP FTL_1225, rhoda-
nese, molecular chaperone DnaK, chitinase, peroxidase/cat-
alase, outer membrane protein FopA, and HP FTL_0572)
are predictably secreted through nonclassical secretory
mechanism.

Discussion

Tularemia is a zoonosis that has gained scientific atten-
tion after 2001 anthrax attack, and concerns about the
possible future use of type A F. tularensis as a weapon of
mass destruction have renewed the interest in developing
antitularemia vaccines [28]. Currently, no vaccine has been
licensed for use to prevent the cases of tularemia, and use
of F. tularensis LVS as a vaccine alternative is plagued with
several limitations. Adaptive immune responses, either
antibody-centric or T cell dominated, may complement,
augment, and regulate each other in case of Francisella
infection [6]. The subunit vaccine for F. tularensis is not
available due to the lack of identified Ft antigens capable
of inducing protection against the highly virulent type A Ft
strains. The selection of suitable animal model represents
a weak point in anti tularemia vaccine development. Mice
continue to be exploited for vaccination studies, but they
are more sensitive to primary pulmonary infection with
F. tularensis than humans. Therefore, their use for evalu-
ation of primary mechanisms of Francisella pathogenesis
and immune response for vaccine studies is not appropri-
ated. It is necessary to combine several animal models to
confirm the potential benefit of an experimental vaccine for
humans, especially the one which closely mimics patho-
genesis and immune response mechanisms [24].

Tularemia is also identified as rabbit fever because rab-
bits are vectors for the disease, but the spectrum of immu-
nogenic molecules of F. tularensis in activation of rabbit
immune system is poorly understood. In this study, the pro-
tein spots found reactive to rabbit Anti-Ft LVS serum, by
immunoblotting-linked gel image analysis of Ft LVS pro-
teins, were selected. Using the tandem mass spectrometry,
38 immunogenic protein spots corresponding to 28 proteins
showing immunoreactivity were identified. The immuno-
dominant proteins of Ft LVS comprise proteins expressed
from genes encoding for diverse functions including energy
production and conversion; and translation, post-transla-
tional modification, and chaperones. The outer membrane
protein FopA showed intense reactivity with serum from
Ft LVS-immunized rabbit. FopA is observed to be immu-
nogenic in many of the immunoproteomic studies pertain-
ing to pathogenic bacteria [3, 12, 14, 15, 17, 30, 32, 33].
Chaperone proteins DnaK and GroEL (60 kDa) have not
only been described as T cell reactive antigens, but also as
molecules inducing a specific antibody response in human

Francisella infection [17]. The chaperones GroEL and
DnaK are found immunogenic in many pathogens includ-
ing Streptococcus pyogenes, Burkholderia pseudomallei,
and Brucella abortus [12]. DnaK, GroEL, FopA, and per-
oxidase/ catalase (KatG) identified here failed to provide
protective immunity against virulent type A F. tularensis
infection in a previous report using recombinant antigens
[1].

The immuno-recognition of nine proteins identified
here (ClpB protein, cell division protein FtsZ, elonga-
tion factor Tu, outer membrane protein FopA, peroxidase/
catalase, chaperonin GroEL, molecular chaperone Dnak,
acetyl-CoA carboxylase, biotin carboxyl carrier protein,
dihydrolipoamide dehydrogenase, and intracellular growth
locus), has been demonstrated in the tularemia infection
of rabbit, mice, and humans [3, 12, 14-18, 23, 29, 30, 32,
33]. Twelve antigens in the current study have been previ-
ously reported to be immunogenic in the human humoral
response to LVS (Table 1). GroEL has also been found
immunodominant antigen in non-human primate, while
acetyl-CoA carboxylase, biotin carboxyl carrier protein
subunit (accB), has immunoreactivity in broad range of
hosts including non-human primate and rat other than mice
and human [4]. Glutamate dehydrogenase and chaperonin
protein DnaK have been identified as immunoreactive with
sera from the Type A tularemia patients [14]. Five immu-
nogenic proteins (chaperone protein groEL, Acetyl-CoA
carboxylase, biotin carboxyl carrier protein, chaperone pro-
tein DnaK, outer membrane-associated protein FopA, and
elongation factor EF-Ts) identified in this study were also
detected previously by protein microarray approach using
sera against F. tularensis [12].

Thirteen proteins from this study are predictably
surface-localized, of which seven (FopA, Acetyl-CoA
carboxylase, biotin carboxyl carrier protein, elonga-
tion factor Tu, DnaK, peroxidase/catalase, chitinase, and
GroEL) were found to be immunoreactive and primary
candidates for a defined post-exposure vaccine [3]. Eight
new Ft LVS immunogenic proteins observed in the pre-
sent study using rabbit model include fumarate hydratase,
dihydrolipoamide acetyltransferase, acetyl-CoA acetyl-
transferase, hypothetical proteins (FTL_0637, FTL_0572,
FTL_1225), aspartyl/glutamyl-tRNA amidotransferase,
and rhodanese (Table 1). Fumarate hydratases partici-
pate in a wide range of cellular processes including TCA
cycle, helps in energy production, and was reported as
putative target for the development of antileishmanial
drugs [13]. Fumarate hydratase was also observed to
increase in expression under in vivo growth conditions
of F. tularensis [30]. Dihydrolipoamide acetyltransferase
along with dihydrolipoamide dehydrogenase is compo-
nent of pyruvate dehydrogenase (PDH) complex which
was found to be immunogenic in Bacillus anthracis and
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Bacillus thuringiensis [8]. The PDH complex used in the
TCA cycle is highly immunogenic in other bacterial spe-
cies, such as Neisseria meningitidis, Mycoplasma capri-
colum, and Mycoplasma hyopneumoniae. Recently, PDH
has been tested as a DNA vaccine against Mycoplasma
mycoides subsp. mycoides, the causative agent of conta-
gious bovine pleuropneumonia [21]. Acetyl-CoA acetyl-
transferase has been found to be immunogenic in Burk-
holderia multivorans and Burkholderia cenocepacia,
during Human Infection [27] and in Clostridium perfrin-
gens ATCC 13124 in case of murine infection [26]. Nota-
bly, rhodanese protects Pseudomonas aeruginosa from
cyanide toxicity and increases in expression after in vitro
exposure of F. tularensis strain FSC033 to hydrogen per-
oxide [5, 30]. Lipoproteins have been successfully used
as the potential protective antigens against some patho-
gens [26]; thus, peptidoglycan-associated lipoprotein and
hypothetical protein FTL_1225 present attractive tar-
gets for the evaluation of their vaccine potential against
tularemia. As other animal models of tularemia are devel-
oped and characterized, there exists opportunities to cor-
relate the profile of immunoreactive proteins generated
by LVS vaccination with the protective status of the host
animal. The immunogenic Francisella proteins identi-
fied in this study might provide supporting information
for developing strong vaccine candidates that can elicit
an effective and specific immune response. Cell-mediated
immune response to these antigens is required to be char-
acterized to further validate their efficacy as subunit vac-
cine candidates.

To the best of knowledge, this study is the first report
of humoral immune response in rabbit against heat-killed
Ft LVS. We report here eight new Ft LVS immunogenic
proteins using rabbit model [fumarate hydratase, dihy-
drolipoamide acetyltransferase, acetyl-CoA acetyltrans-
ferase, hypothetical proteins (FTL_0637, FTL_0572,
FTL_1225), aspartyl/glutamyl-tRNA amidotransferase,
and rhodanese]. Keeping in mind the subtle advantages of
subunit vaccine over live attenuated vaccines, these pro-
teins offer novel putative vaccine candidates for tularemia
infection. A detailed immunological characterization for
these candidates will further be helpful in screening the
candidates for challenge studies. Together with the pre-
viously described immunoreactive antigens in mouse and
human model, the novel immunogenic proteins in rabbit
model described here will be helpful to validate new tar-
get antigens for the generation of a subunit or DNA vac-
cine for this medically and militarily important pathogen.
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