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Tularemia is a zoonotic disease, occurring throughout the Northern Hemisphere. The causative agent, the
bacterium Francisella tularensis, is represented by two main types. Type A is found in North America, whereas
type B is mainly found in Asia and Europe and to a minor extent in North America. No routine technique for
rapid diagnosis of tularemia has been generally applied. We have partially sequenced 16S rRNAs of two F.
tularensis strains, as well as the closely related Francisella novicida. Of 550 nucleotides analyzed, only one

difference in 16S rRNA primary sequence was found. This 16S rRNA analysis enabled the construction of
oligonucleotides to be used as genus- and type-specific probes. Such probes were utilized for the establishment
of a method for rapid and selective detection of the organism. This method allowed identification of Francisella
spp. at the level of genus and also discrimination of type A and type B strains of F. tularensis. The analysis also
permitted the detection of F. tularensis in spleen tissue from mice infected with the bacterium. The results
presented will enable studies on the epizootiology and epidemiology of Francisella spp.

The causative agent of tularemia, Francisella tularensis,
can be divided in two main types (6, 24). F. tularensis subsp.
tularensis (type A) has so far been found only in North
America, whereas F. tularensis subsp. palaearctica (type B)
occurs in Asia and Europe and to a minor extent in North
America (15). Type A is associated with ticks and rabbits
and is highly virulent in humans, whereas type B is found in
mosquitoes and rodents and is less virulent to humans.
No antigenic difference between the types has been dem-

onstrated (4), and accordingly, no identification method
based on antigens is available. Instead, strain identification
within the species is based on biochemical characterization
and virulence tests (20). F. tularensis subsp. tularensis can
be differentiated from F. tularensis subsp. palaearctica by
its ability to ferment glycerol (23; R. B. Hornick and H. T.
Eigelsbach, Letter, N. Engl. J. Med. 281:1310, 1969) and its
possession of the enzyme citrulline ureidase (20). Moreover,
since the 50% lethal doses for rabbits are <101 organisms of
type A and >107 organisms of type B, virulence tests on
rabbits can be used as strain-specific criteria (20). However,
these methods are both time and labor intensive.

Diagnosis of tularemia in humans is usually based on
demonstration of homologous serum antibodies. However,
demonstration of such antibodies is rather slow, since spe-
cific antibodies do not appear before the end of week 2 of
illness. Trials have, however, been undertaken to evaluate
rapid methods for diagnosis of tularemia. Such techniques
are direct microscopy by using immunofluorescent antibod-
ies (16) and identification of bacterial antigen in body fluids
(30) and water samples (28) by an enzyme-linked immuno-
sorbent assay. However, none of these methods seem to be
generally applied for diagnosis of tularemia.

In recent years, 16S rRNA sequence analysis has been
particularly useful for the determination of evolutionary
relationships among numerous and diverse cellular life forms
(32). As a consequence, a new approach to diagnosis based
on hybridization against 16S rRNA with specific oligonucle-
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otides has started to emerge (9, 11, 26, 27). To illustrate the
application of specific hybridization probes, we have identi-
fied and synthesized oligonucleotides that are diagnostic for
Francisella spp. The technique enabled identification at the
level of genus and even permitted discrimination within
species.

MATERIALS AND METHODS
Chemicals and materials. All chemicals were of the highest

grade commercially available. Polynucleotide kinase, nucle-
otides, and NAP-5 columns were from Pharmacia, Uppsala,
Sweden. Reverse transcriptase was purchased from Boehr-
inger GmbH, Mannheim, Federal Republic of Germany. All
isotopes were purchased from Amersham International,
Amersham, England. Oligonucleotides were synthesized by
Symbicom, Ume'a, Sweden. Nitrocellulose filters were ob-
tained from Schleicher & Schuell, Inc., Keene, N.H.

Bacteria, media, and growth conditions. The bacterial
strains used in this study are listed in Table 1. All bacterial
strains except Francisella strains were grown at 37°C in LB
medium (1), and viable counts were performed on LB agar
plates. The Francisella strains were grown for 3 days on
modified Thayer-Martin agar plates containing Gc medium
base (36 g/liter; Difco Laboratories, Detroit, Mich.), hemo-
globin (10 g/liter; Difco), and IsoVitaleX (10 mg/liter; BBL
Microbiology Systems, Cockeysville, Md.) at 37°C with 5%
CO2 in air. Viable counts of Francisella strains were per-
formed on modified Thayer-Martin agar plates. Virulent
Francisella strains were grown for 3 days and were thereaf-
ter heat inactivated at 65°C for 60 min.

Isolation of RNA templates. A total of 10 modified Thayer-
Martin agar plates were inoculated for each Francisella
strain used. After 3 days of growth, the cells were harvested
from the surfaces of agar plates in saline, washed once, and
prior to French pressure cell treatment, suspended in 15 ml
of 50 mM Tris (pH 7.3)-5 mM MgCl2-0.5 M NH4Cl-20 p.g of
DNase per ml. A total of 200 ml of LB medium with
exponentially growing Escherichia coli DH1 cells was har-
vested as described above. Total cellular RNA was purified
by phenol extraction of French pressure cell lysates as
described previously (25), except that ribosomes were not
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TABLE 1. Bacterial strains used in this study

Strain Source

Escherichia coli DH1 ......................... Reference 10
Salmonella typhimurium LT2 ...............ATCC' 19585
Yersinia enterocolitica 8081-C ..............T. F. Wetzler, University

of Washington, Seattle
Bacillus subtilis ......................... ATCC 6633
Staphylococcus aureus .......................ATCC 6538
Francisella tularensis live vaccine

strain LVS subsp. palaearctica,
type B (attenuated) ......................... U.S. Army Medical Re-

search Institute of In-
fectious Diseases, Fort
Detrick, Fredrick, Md.

Francisella tularensis 38 subsp.
tularensis, type A (avirulent) ............ATCC 6223

Francisella tularensis (SBL R45)
subsp. palaearctica, type B
(moderately virulent) ...................... National Bacteriological

Laboratory, Stock-
holm, Sweden

Francisella tularensis subsp.
tularensis, type A (highly
virulent) ......................... S. J. Stewart, Rocky

Mountain Laboratory,
Hamilton, Mont.

Francisella novicida ......................... ATCC 15482

a ATCC, American Type Culture Collection.

pelleted before extraction. High-molecular-weight RNA was

then prepared by precipitation with 2 M NaCI (25).
The amount of RNA was estimated by measurement of

A260 and by agarose gel electrophoresis. Samples (10 VLg)
were treated with formamide and formaldehyde as described
previously (14) and subjected to agarose (1.2%) gel electro-
phoresis in the presence of 1 x MOPS buffer (20 mM
4-morpholinepropanesulfonic acid [pH 7.0], 5 mM sodium
acetate, 1 mM EDTA) and 6.5% formaldehyde (7). RNA was

stored at 2 mg/ml in 10 mM Tris (pH 7.4) at -70°C.
RNA sequencing. Sequencing of total RNA template was

performed by using reverse transcriptase as described pre-
viously (17). Primer concentration was modified to 5 p.g/ml,
and the sequencing reaction was performed at 42°C for 10
min. Chase mix, composed as described previously (17), was
added, and the chase reaction was prolonged to 60 min at
42°C. The terminated sequence products were separated on
0.2- to 0.6-mm-thick 6% polyacrylamide wedge-shaped se-

quencing gels (29).
For sequencing the 16S rRNA molecule of Francisella

spp., universal primers A, B, and C (17) were used initially.
On the basis of the E. coli 16S rRNA sequence (3), 10
additional primers were synthesized and used in 16S rRNA
sequencing of the Francisella strains. The complementarity
of these primers was scattered around the E. coli 16S rRNA
molecule, with a spacing of approximately 150 nucleotides.
RNA hybridization. The procedure for RNA hybridization

was essentially as described previously (12). Bacteria in a

volume of 100 ,ul were filtered on a prewetted nitrocellulose
filter in a dot blot or a slot blot apparatus (Bio-Rad Labora-
tories, Richmond, Calif.). The filter with bacteria was trans-
ferred consecutively to two boxes containing filter paper

(3MM; Whatman, Inc., Clifton, N.J.) presoaked with 10%
sodium dodecyl sulfate (3 min at room temperature) and 3 x
SSPE (lx SSPE is 0.18 M NaCl, 10 mM NaH2PO4 [pH 7.4],
and 1 mM EDTA) (15 min at 65°C).
The filter was briefly air dried and baked at 80°C in a

vacuum oven for 15 min and thereafter used directly for

hybridization. Synthetic oligonucleotides were end labeled
with T4 polynucleotide kinase and [-y-32P]ATP as detailed
previously (8) and purified on NAP-5 columns prior to use.
The radioactive probe was dissolved in hybridization solu-
tion (6 x 106 to 1 x 107 cpm/ml) containing 6x NET (lx
NET is 0.15 M NaCl, 15 mM Tris [pH 7.0], and 1 mM
EDTA), 0.5% Nonidet P-40, 1 mM Na2HPO4, 5x Denhardt
solution (19), and 250 ,ug of calf thymus DNA per ml.
Hybridization was carried out in sealed plastic bags sub-
merged in a water bath, at the appropriate temperature, for
2 h. The filter was washed twice, 30 min per wash, at room
temperature in 6x SSPE-0.1% Nonidet P-40. The filter was
wrapped in Saran Wrap and exposed to X-ray film at -70°C
using an intensifying screen. The radioactive signal was
detected by autoradiography or quantified by cutting out
each individual spot from the filter and placing it in a
scintillation vial. The filter disks were then dried for 30 min
at 65°C, 10 ml of scintillation liquid (Ready Protein'; Beck-
man Instruments, Inc., Fullerton, Calif.) was added, and the
32P activity was determined in a Beckman 5000 CE liquid
scintillation counter. The time needed for a typical RNA
hybridization experiment was 4 h. For each oligonucleotide
used as a probe, the optimal hybridization temperature was
determined. On the basis of the calculated Tm values of
DNA-DNA hybrids, hybridizations were performed at dif-
ferent temperatures. For each probe used, the temperature
giving the highest specificity was used in the experiments.
The optimal hybridization temperature for the probes used
was 4 to 6°C lower than the estimated Tm, value.
Colony hybridization. A mixture of Francisella spp. type A

and type B was spread on a modified Thayer-Martin agar
plate. After 3 days of growth, three consecutive lifts from the
same plate were performed with Colony/Plaque Screen
(Dupont, NEN Research Products, Boston, Mass.) filters.
Each individual filter was placed on a new modified Thayer-
Martin agar plate. On the next day, the filters with overnight
colonies were treated as detailed above. Probes FT1, FT2,
and FT3 were each hybridized to one filter for 2 h at 42°C
(FT3) and 30°C (FT1 and FT2). Further treatments of the
filters were as described above.

In vivo identification of F. tularensis. NRMI mice were
injected intraperitoneally with 106 F. tularensis LVS organ-
isms in 0.1 ml of saline. Mice were killed 1 and 2 days after
injection by dislocation of spine. Each spleen was homoge-
nized by squeezing the spleen through a steel net (pore size,
1 mm). Homogenate was collected in 1 ml of saline and left
for sedimentation of cell debris for 10 min at room temper-
ature. Then, the supernatant was taken and diluted 10-1 to
10-8. Viable counts were performed from each dilution.
Samples (100 RI of 10-1 to 10-4 dilutions) were filtered on a
nitrocellulose filter in a slot blot apparatus as described
above. For controls, mice injected with 0.1 ml of saline were
used.

RESULTS

Optimization of hybridization to 16S rRNA of E. coli cells.
Conditions for lysis of bacterial cells under which single-
stranded nucleic acid (RNA) but not double-stranded nucleic
acid (DNA) binds to nitrocellulose filters have been estab-
lished (12). These workers also demonstrated the use of
radioactively labeled oligonucleotides in hybridization to
mRNA of E. coli cells that had been immobilized on nitro-
cellulose filters (12). We investigated whether this method,
hereafter referred to as RNA hybridization, also could be
employed for hybridization to 16S rRNA of E. coli. There-
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FIG. 1. Detection limit. Radioactively labeled probe EC1 (see
Fig. 2) was hybridized for 2 hours at 42°C to various numbers of
exponentially growing E. coli cells. For details, see Materials and
Methods. The signals were quantified by scintillation counting.
Means + standard deviations of triplicate samples are indicated.
The detection limit was estimated to be 103 exponentially growing
E. coli cells, as determined from the point where the curve forms a
straight line.

fore, a number of oligonucleotides, complementary to vari-
ous regions of E. coli 16S rRNA, were used in several
hybridization experiments in order to optimize the method
with respect to speed, handling, and sensitivity. By using the
method as described in Materials and Methods, it was shown
that this analysis permitted the detection of approximately
103 cells of E. coli in an analysis time of 4 h (Fig. 1). When
the oligonucleotide used, designated EC1 (Fig. 2), and three
other oligonucleotides were employed in hybridization to
DNA of E. coli cells, it was demonstrated that hybridization
to rRNA was approximately 1,000 times more sensitive per
cell than hybridization to DNA (data not shown).

16S rRNA analysis of Francisella strains. rRNA was pre-
pared from cells of F. tularensis subsp. tularensis (type A),

EC1 5'-GATCAAACTCTTCAATTT-3
FT1 5-CAGTCTTAATPGA-3
FT2 5-CAGTCTCAATAGA-3
FT3 5ICCTTTTTGAGTTTCGCT-3

FIG. 2. 16S rRNA molecule of E. coli. The sequences and
locations of the oligonucleotide probes used are shown. The loca-
tions indicated for FT1, FT2, and FT3 are the corresponding regions
in the E. coli 16S rRNA molecule when compared with Francisella
spp., based on simultaneous sequencing of both E. coli 16S rRNA
and Francisella 16S rRNA.

F. tularensis subsp. palaearctica (type B), F. novicida, and
E. coli (Table 1). A variety of oligonucleotides complemen-
tary to various parts of the E. coli 16S rRNA molecule (3)
were synthesized and used as primers in sequencing reac-
tions employing reverse transcriptase with each of the four
RNA preparations as templates. A sequence of approxi-
mately 550 nucleotides from each 16S rRNA molecule was
obtained (data not shown). Identity in 16S rRNA sequence
was found between the three Francisella strains, except at
position 1153 (numbering refers to the E. coli sequence [3]),
where F. tularensis type B had an A, whereas F. tularensis
type A and F. novicida had a G (Fig. 3). Several regions of
the 16S rRNA sequence of the Francisella strains differed in
primary structure from that of E. coli.

Identification of the genus Francisella by RNA hybridiza-
tion. On the basis of the 16S rRNA sequences obtained, we
synthesized a 17-base-long oligonucleotide (designated FT3)
with an absolute complementarity to the 16S rRNA (posi-
tions 1274 to 1290) (Fig. 2) of each of the three Francisella
strains. In RNA hybridization experiments (as described in
Materials and Methods), this probe selectively detected the
three Francisella strains, whereas cells of E. coli, Salmo-
nella typhimurium, Yersinia enterocolitica, Bacillus subtilis,
and Staphylococcus aureus were not recognized at all (Fig.
4). The detection limit for the Francisella strains was ap-
proximately 105 cells under the conditions used, i.e., when
the Francisella strains had been grown for 3 days on plates.
Thus, by using oligonucleotide FT3, we have presented a
method for selective identification of the genus Francisella

I-
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16S ribosomal RNA sequences

Francisela ftiarensis var.
pabearcea (type B)

Rancisel tiarensis var.
tLenslsS (type A)

Frarncksl omvcicla

3' AGATAAmTCTGAC 5' |
5' CUCUAUUE]AGACUGCCGC 3'

3' AGATAAETCTGAC 5'
5' CUCUAUUIAGACUGCCGC 3'

5' CUCUAUUJAGACUGCCGC 3'

Eschericf cO# 5' CUCAAAGGAGACUGCCAG 3'
1146 l113

16S rRNA

FIG. 3. 16S rRNA sequences. By using oligonucleotides complementary to various parts of the E. coli 16S rRNA molecule as primers in
sequencing reactions employing reverse transcriptase and RNA preparations from the three strains of Francisella and E. coli as templates,
a sequence of approximately 550 nucleotides from each 16S rRNA molecule was obtained. Identity in the 16S rRNA sequence was found
between the three Francisella strains, except at position 1153 (C]), where F. tularensis type B had an A, whereas F. tularensis type A and
F. novicida had a G. On the basis of this difference, two probes were constructed: FT1 and FT2 (LII). Several positions of the 16S rRNA
sequence of the Francisella strains differed in primary structure from that of E. coli (-).

by an analysis that permits screening of several samples
within a time period of 4 hours.

Selective identification of Francisella types by RNA hybrid-
ization. Next, a method for the selective identification of
type A and type B strains of F. tularensis was developed.
Oligonucleotides complementary to the region around posi-
tion 1153 of F. tularensis 16S rRNA (Fig. 3) were synthe-
sized and used in RNA hybridization experiments. The FT1
probe (complementary to type B 16S rRNA) selectively
detected an attenuated F. tularensis subsp. palaearctica
strain (type B), whereas the FT2 probe (complementary to
16S rRNA of F. tularensis type A and of F. novicida)
hybridized only to cells of an avirulent F. tularensis subsp.
tularensis strain (type A) and F. novicida (Fig. 5). The same
hybridization pattern was obtained with purified RNA (Fig.
5). Neither the FT1 nor the FT2 probe hybridized to cells of
E. coli.
To investigate whether selective hybridization to virulent

type A and type B strains of F. tularensis also could be
obtained, strains belonging to F. tularensis subsp. palaearc-

tica (type B) and F. tularensis subsp. tularensis (type A)
were tested. Similar hybridization patterns were obtained
with the virulent strains, compared with those of the aviru-
lent and attenuated strains (Fig. 6). It should be noted that
the FT1 probe also hybridized, but to a very minor extent, to
cells of F. tularensis type A and cells of F. novicida (Fig. 6).

Next, to analyze in more detail the specificity of the
selective identification method presented, cells of type A and
type B strains of F. tularensis were mixed in similar ratios,
grown, and treated as described in Materials and Methods.
The genus-specific probe FT3 identified both strains tested,
whereas the type-specific probes FT1 and FT2 selectively
hybridized to strains of type B and type A, respectively (Fig.
7). Thus, this technique can be used not only to identify
bacteria at the level of genus but also to discriminate
different types of the same species.

In vivo detection of F. tularensis. Knowing that F. tularen-
sis could be detected specifically, we investigated whether
the method allowed the bacterium to be identified directly

CeNs

RNA 106 104102
Francisela tularenais var. paarctica (type B)
Franciea tularensas var. tularensas (type A)

Francisella novicida

Esachricha coli

Salmonella typhimurkiu

Yerna entrocoitca

Baeftsja tuflS

Staphylococcue aureus

FIG. 4. Genus Francisella selectively identified by RNA hybrid-
ization. An oligonucleotide (FT3), complementary to 16S rRNA of
each of the three Francisella strains indicated, was radioactively
labeled and used in hybridization to bacterial cells that had been
collected and lysed on nitrocellulose filters. The number of bacteria
in each dot is shown at the top.

Eaceiha colG

Fanchelat noviocMd

Francisell va. tu bares *w A)

FricselNa tiwemI var. 1sercMra (type 8)&.&

c--.

P1obe FT1

twcnuncnm coln
FraKnchel 1a#* M - Pr@60 FT2

Franoba tulwAven var. tueW_ (type A)

RwFtf _iu VW. mba ft
FIG. 5. F. tularensis type A and type B selectively detected by

RNA hybridization. Two oligonucleotides, FT1 and FT2 (Fig. 3),
were radioactively labeled and used separately in hybridization to
purified rRNA (6 p.g) or to bacterial cells that had been collected and
lysed on a nitrocellulose filter. A total of 103 to 106 bacterial cells
were applied to each spot.

FT1 probe
16S rRNA

FT2 probe
16S rRNA

16S rRNA
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Cels
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Franciselia tularensis var. palaearctica (attenuated)*
Franciselta tularensis var. tularensis (avirulent) *

Francisella tularensis var. palaearctica (virulent)

Francisella tularensis var. tularensis (virulent)

Francisella tularensis var. palaearctica (attenuated)

Francisella tularensis var. tularensis (avirulent)

Francisella tularensis var. palaearctica (virulent)

Francisella tularensis var tularensis (virulent) * *

1 23

Probe F T 1

Probe FT 2

FIG. 6. rRNA hybridization patterns of the virulent strains of F.
tuiiCZlrt.esis subsp. tlalro-entsis (type B) and F. titludarensis subsp. pal/ie-
arctica (type A) identical to those of the avirulent and attenuated
strains. Two oligonucleotides, FT1 and FT2, based on the 16S
rRNA sequences of F. tilalcrensis (Fig. 3). were used separately in
hybridization to heat-inactivated virulent strains and avirulent and
attenuated strains. The number of heat-inactivated cells in each slot
is indicated at the top.

from infected animals. Therefore, mice were infected with F.
tiilar-entsis LVS (type B). Homogenized spleen samples from
uninfected mice and from mice infected 1 or 2 days prior to
testing were analyzed in RNA hybridization experiments
using the oligonucleotide FT1 as a probe. F. tiudar-ensis could
readily be identified in samples from infected mice, whereas
uninfected animals gave no signal at all (Fig. 8). Also, the
signal of hybridization was significantly increased in samples
obtained from mice 2 days after infection, compared with the
signal from mice infected 1 day prior to testing. This increase
most probably reflects growth of the bacterium in the in-
fected animals; this idea is also supported by an increase in
plating counts of bacteria from spleen tissue (Fig. 8).

DISCUSSION

This paper describes a unique method for the detection of
bacteria belonging to the genus Frawiisella. The method was
also found to be novel, insofar as it could discriminate
between types within the species F. tidlarensis. Hybridiza-
tion against F. tiul(lienisis 16S rRNA was found to be highly

de*

Gemrs specific probe

FIG. 8. In vivo identification of F. tiularensis subsp. palaearcltica
in mice by RNA hybridization. Homogenized spleens from mice
injected intraperitoneally with 10' F. tularensis LVS organisms
were filtered on a nitrocellulose filter and subjected to RNA hybrid-
ization (at 30°C), using oligonucleotide FT1 as a probe. Lanes: 1,
spleen homogenate from control mice injected with saline and killed
2 days after injection: 2, spleen homogenate from mice injected with
106 F. tidlar/ensis LVS organisms and killed 1 day after injection; 3,
spleen homogenate from mice injected with 10" F. tuilarensis LVS
organisms and killed 2 days after injection. Initially, after killing, the
homogenized spleen suspension contained (as determined by viable
counts) 10i F. tilai-rentsis LVS organisms per ml (day 1) and 107 F.
tiulacrensis LVS organisms per ml (day 2). Vertically, 10-fold dilu-
tions, from 10-1 to 10', of the homogenized spleen filtrates are
shown.

specific, since no reactivity with unrelated bacteria was
observed. In comparison with immunoassays for the detec-
tion of F. ttlarensis (16, 28, 30), the specificity is similar,
because cross-reactions between F. tiudarensis and other
clinically important gram-negative bacteria are rare (22).

F. titla-ensis exhibits a unique composition of fatty acids
(13, 21), a property which can be utilized for genus identifi-
cation. A drawback with this technique, as well as F.
tlularensis-specific immunoassays, is that it does not distin-
guish between types of F. tildarensis. Biochemical charac-
terization has been useful, because type A can be separated
from type B by its ability to ferment glycerol (23; Hornick
and Eigelsbach, Letter) and its possession of the enzyme
citrulline ureidase (20). Measurement of such differences,

A% t
* &*g

* . A 0.-
..A *&

*4
@A. A

Strain A spefc probe Strain B specif probe

FIG. 7. Discrimination of F. titludarensis type A and type B by colony hybridization. Three replicas were made from the same plate that
contained a mixture of F. ttluarenesis subsp. tiularenisis (type A) and F. tidlarenisis subsp. palaeartica (type B). The replicas were hybridized
with the Francisella genus-specific probe FT3 (Fig. 2). the FT2 probe (type A: Fig. 3), or the FT1 probe (type B; Fig. 3). Dark spots represent
signals obtained with each probe. Open circles indicate colonies not reacting with strain A-specific probe; open triangles show location of
colonies not reacting with strain B-specific probe.
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however, is time consuming and laborious, and therefore the
rapid and simple hybridization technique against 16S rRNA
described here improves the identification of F. tularensis
strains.

It has been suggested that F. novicida, the other species of
the genus Francisella, is genetically related to F. tularensis
(31); these results reinforce this suggestion. Moreover, it
might be suggested from the rRNA sequences of F. tularen-
sis and F. novicida analyzed that F. novicida is more related
to F. tularensis subsp. tularensis than to F. tularensis subsp.
palaearctica.
rRNA is found in all living organisms. Among different

bacteria, rRNA is characterized by the presence of highly
conserved and more variable sequences. This, in combina-
tion with the relatively large size of rRNA (1,500 to 3,000
nucleotides) and the ease with which rRNA can be isolated,
makes rRNA ideal for measurement of phylogenetic rela-
tionships (32). Consequently, hybridization with short oligo-
nucleotides targeted for unique regions in the rRNA mole-
cules offers a new approach for direct classification and
identification of bacteria. This has, by hybridization to 16S
rRNA, recently been demonstrated for representatives of
the genus Proteus at the level of genus, species, and even
subspecies (11). Furthermore, by using specific 16S rRNA
probes, discrimination between Mycoplasma species (9) and
specific identification of Vibrio anguillarum in kidneys from
fish (26) have been reported. Phylogenetic group-specific
fluorescently labeled oligonucleotides against 16S rRNA
could identify single microbial cells by hybridization when
viewed by fluorescence microscopy (5). Also, by using
quantitative microfluorimetry, it was possible to show that
the amount of rRNA-specific probe bound reflects the
growth rate (5).
We have shown that the RNA hybridization method used

gave a detection limit of approximately 103 cells of E. coli
(Fig. 1). Each cell of E. coli contains at exponential growth
approximately 20,000 ribosomes (18). The sensitivity offered
by RNA hybridization could be compared with that of
approximately 106 cells when DNA is the hybridizing target.
Thus, the increase in sensitivity correlates well with the
copy number of the hybridizing target. When cells of F.
tularensis were grown on plates and analyzed by RNA
hybridization, the sensitivity was significantly lower than
that with exponentially growing cells of E. coli. It is known
that the number of ribosomes per cell of E. coli is highest at
exponential growth and declines during stationary phase
(18). DeLong et al. (5) have shown that the amount of 16S
rRNA-specific probe bound reflects the growth rate. Hence,
the lower sensitivity obtained for F. tularensis grown on
plates probably reflects nonoptimal growth conditions. A
higher sensitivity was found in the in vivo experiment (Fig.
8), in which we detected approximately 104 cells in spleen
tissue from mice infected 2 days prior to testing. This
discrepancy may be explained if cells of Francisella spp.
grown in a natural habitat exhibit a more active and natural
growth than they do when grown on plates.
Most bacteria analyzed have seven chromosomal genes

for 16S rRNA, arranged in seven larger transcriptional units,
each containing genes for 16S rRNA, tRNA, 23S rRNA, and
5S rRNA (2). However, it is not known whether the seven
16S rRNA genes within a species are identical in primary
sequence. The FT1 probe hybridized efficiently to 16S rRNA
ofF. tularensis type B, whereas it hybridized weakly to cells
of F. tularensis type A and F. novicida (Fig. 6). The FT2
probe did not show any cross-hybridization at all. One
possible explanation for the minor cross-hybridization ob-

served with the FT1 probe is that one or a few of the seven
(assuming that F. tularensis has seven ribosomal operons)
type A 16S rRNA genes have a type B sequence at position
1153. However, to prove this possibility, all seven genes
have to be cloned and sequenced, a work outside the scope
of this analysis.

Since tularemia is a widespread disease among animals
and humans in the Northern Hemisphere, hybridization
against 16S rRNA of Francisella spp. will be a powerful
technique to advance the understanding of tularemia from an
epizootiological as well as an epidemiological viewpoint.
Furthermore, a more detailed analysis of the geographical
distribution of the F. tularensis types might be achieved by
using the present identification method.
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