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We describe the use of two insertion sequence elements (ISFtul and ISFtu2) in Francisella tularensis to type
strains by restriction fragment length polymorphism (RFLP). The RFLP profiles of 17 epidemiologically
unrelated isolates were determined and compared. Our results showed that RFLP profiles can be used to
assign F. tularensis strains into five main groups corresponding to strains of F. tularensis subsp. tularensis, F.
tularensis strain ATCC 6223, strains of F. tularensis subsp. holarctica, strains of F. tularensis subsp. holarctica
from Japan, and F. tularensis subsp. mediaasiatica. The results confirm the genetic identities of these subspecies
and also support the suggestion that strains of F. tularensis subsp. holarctica from Japan should be considered
members of a separate biovar. These findings should support future studies to determine the genetic differ-

ences between strains of F. tularensis at the whole-genome level.

Francisella tularensis is the causative agent of tularemia. Tu-
laremia is a disease affecting many mammalian species includ-
ing humans, rodents, and lagomorphs (5, 13). The bacterium is
a small (0.2 to 0.5 pm by 0.7 to 1.0 pm) gram-negative intra-
cellular pathogen which is thought to be maintained in the
environment in animal hosts such as ground squirrels, rabbits,
hares, voles, and other rodents. A wide range of arthropod
vectors has been implicated in the transmission of tularemia
between animal hosts and also in the transmission of disease
from animals to humans (13, 14). There is also evidence that
the bacterium can persist in watercourses, possibly in associa-
tion with amoebae (12, 22, 27). Tularemia occurs primarily in
the Northern Hemisphere, most frequently in Scandinavia,
North America, Japan, and Russia (4, 22, 23). However, the
organism has also been isolated in countries in central Europe
(3, 17, 28, 35) and recently in Spain, Yugoslavia, and Kosovo
(2, 3, 28, 35), indicating that tularemia is more widely distrib-
uted than was previously thought.

Tularemia in humans can occur in several forms depending
on the route of entry of the bacterium into the host. The most
common form of the disease is ulceroglandular tularemia,
which usually occurs as a consequence of a bite from an ar-
thropod vector that has previously fed on an infected animal
(24, 32). Inhalational tularemia is the most acute form of
disease and is associated with the inhalation of contaminated
aerosols or dust (7, 10).

The genus Francisella contains three species, F. tularensis, F.
novicida, and F. philomiragia. F. philomiragia is relatively rare,
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often associated with water, and generally considered patho-
genic only in immunocompromised individuals (34). F. novi-
cida is considered pathogenic only in immunocompromised
humans (8). F. tularensis has been divided into three subspe-
cies: F. tularensis subsp. tularensis (also known as type A) is the
most virulent and was thought to be confined to North Amer-
ica, but it has recently been isolated in Europe (8, 11, 25). F.
tularensis subsp. holarctica (also known as type B) is less viru-
lent and is found mainly in Europe and Asia (8, 26). F. tula-
rensis subsp. mediaasiatica has only been isolated from loca-
tions in Central Asia (26, 29) and is also considered to be of
relatively low virulence (25).

The importance of highly discriminatory typing systems for
F. tularensis cannot be understated. Not only can they provide
information regarding the epidemiology of F. tularensis, but
they also permit some degree of genetic characterization,
which may aid in taxonomic classification. This information
may be vital in determining factors that are contributing to the
apparent spread of tularemia in central Europe and to the
occurrence of the most virulent strains outside of North Amer-
ica.

Recent studies have focused upon molecular discrimination
between the different subspecies and strains of F. tularensis.
These studies indicate a remarkable homogeneity within the
species. The capabilities of PCR methods that use enterobac-
terial repetitive intragenic consensus (ERIC) sequence, repet-
itive extragenic palindromic (REP) sequence, or various ran-
domly amplified polymorphic DNA (RAPD) primers have
proved to be limited to typing at the subspecies level, but they
are not capable of discriminating individual strains (6, 16).
Other molecular discrimination studies have used the data
arising from the genome sequence of F. tularensis subsp. tula-
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TABLE 1. ISFtul and ISFtu2 RFLPs of F. tularensis isolates

Species and lane no.* Origin

Strain
designation

ISFtul RFLP
pattern”

ISFtu2 RFLP

Alternative strain pattern

designation

Pstl  Bg/ll  Swal Pstl  Bg/ll  Swal

F. tularensis subsp.

tularensis
3 Human ulcer, 1941, Ohio FSC237 Schu-S4 1 1 i A a a
4 Mite, 1998, Slovakia FSC199 SE-221-38 1 I i A a «
5 Human lymph node, 1920, Utah ATCC 6223 FSC230, B-38 2 11 ii B b B
6 Tick, 1935, British Columbia, Canada FSC041 Vavenby 1% JES i A a a

F. tularensis subsp.

holarctica
7 Live vaccine strain, NDBR lot 11 LVS Live vaccine strain =~ 3 111 iii C c X
8 Hare, Telemark, Norway, 1963 FSC092 HNG63 3 v iii D [¢ X
9 Human lymph node, 1926, Japan FSCO017 Jap-S2 4 v v E d d
10 Ticks, 1957, Japan FSCO075 Jama 4 Vi iv E d S
11 Beaver, 1976, Montana FSC035 B423A 3 v iii D c X
12 Human, 1998, Ljusdal, Sweden FSC200 3 111 iii Cx [¢ X
13 Hare, 1952, France FSC025 Chateauroux 3 1T iii D c X
14 Human, 1981, Ljusdal, Sweden FSC108 R 45 3 111 iii Cx [¢ X
15 Human Blood, 1996, Raahe, Finland ~ FSC250 1532 3 111 il Cs c X
16 Human Ulcer, 1984, Norway FSC097 83933/84 3 111 iii Cx [¢ X
17 Water, 1990, Odessa region, Ukraine ~ FSC124 14588 3 111 iii Cs c X

F. tularensis subspecies

mediaasiatica
18 Miday gerbil, 1965, Central Asia FSC147 543 5 VI v F e
19 Tick, 1982, Central Asia, former FSC148 240 5 VI v F e €

USSR

¢ Lane number in Fig. 2 to 5.

® Identical RFLP patterns have each been designated the same arbitrary letter or number code; subtle differences (one or two bands) in an otherwise identical pattern
are indicated by asterisks. The restriction enzymes used for digestion of genomic F. tularensis DNA were Pstl, Bglll, and Swal.

rensis strain SchuS4. For example, short sequence repeats ar-
ranged in tandem have been identified in the SchuS4 genome,
and molecular typing methods based on interstrain variations
in copy number at various such short sequence repeat loci have
been developed (9, 15). The use of short sequence repeats for
typing of individual strains provides the highest level of dis-
crimination reported to date. One drawback of these highly
discriminatory methods is that they provide information about
the short sequence repeat loci only and cannot detect other
sequence variations such as large insertions, deletions, or re-
arrangements at the whole-genome level.

Although the complete genome sequence of F. tularensis
subsp. tularensis strain SchuS4 will soon be determined (18),
the organization of this genome relative to those of other
strains of F. tularensis subsp. tularensis is unknown. Addition-
ally, the relationships between F. tularensis subsp. tularensis, F.
tularensis subsp. holarctica, and F. tularensis subsp. mediaasi-
atica strains are unclear. It therefore follows that the relation-
ships between attenuated and nonattenuated strains are un-
known. Typing methods based upon elements occurring
throughout the genome not only could provide insight into the
relationships between these strains but could also permit epi-
demiological surveillance as well. The latter point is particu-
larly pertinent in light of the recently reported occurrence of
strains of the highly virulent species F. tularensis subsp. tula-
rensis outside of North America (11) and the ever-increasing
threat of bioterrorism.

The scope of this study is to provide a new tool to aid in the
understanding of F. tularensis and the relatedness of its sub-

species and to enable comparisons of virulent and attenuated
strains to be made. Here we describe a method, not previously
applied to F. tularensis, which could aid in the typing and hence
strain identification of F. tularensis. The methodology is based
upon traditional restriction fragment length polymorphism
(RFLP) and involves identification of specific subpopulations
of the genomic DNA containing insertion sequence (IS) ele-
ments. Typing systems based on IS elements have previously
proven to be highly discriminative for typing of several bacte-
rial species including Mycobacterium tuberculosis and Yersinia
pestis, both of which are considered to be genetically conserved
(19, 30, 31). This methodology may contribute to the under-
standing and identification of F. tularensis and its subspecies,
which are of importance with the new focus on F. tularensis as
a possible bioterrorist weapon.

MATERIALS AND METHODS

General enzymes and chemicals. Unless otherwise stated, enzymes for the
manipulation of DNA, nucleotides, and reagents for the detection of the digoxi-
genin (DIG)-labeled probe were obtained from Roche Diagnostics Limited
(Lewes, United Kingdom); chemicals were obtained from Sigma Chemical Co.
(Poole, United Kingdom), and culture media were obtained from Oxoid Limited
(Basingstoke, United Kingdom).

Identification of ISs in the F. tularensis genome. The genome of F. tularensis
subsp. tularensis strain SchuS4 is being sequenced. We used the REPuter pro-
gram developed at the University of Bliefeld, Bielefeld, Germany, to identify
repeated elements such as ISs in the present genome sequence data (20).

Strains and plasmids. The F. tularensis strains used in this study are not
epidemiologically related, and their sources are shown in Table 1. Plasmids
containing an IS element cloned into plasmid pUC18 were selected from a
shotgun library used for genome sequencing of strain SchuS4.



52 THOMAS ET AL.

A Swal

341 bp probe

I Orf I |

433 bp probe

IRL IRR
B Swal

392 bp probe l
71 Orf | ] Orf 2 1
IRL  SSTRI16 IRR
0 1000

(bp)

FIG. 1. Organizations of ISs ISFtu2 (A) and ISFtul (B). Terminal
inverted repeat sequences to the left (IRL) and right (IRR) are de-
picted as closed bars; an internal SSTR16 in ISFtul is depicted as a
hatched bar. The locations of open reading frames (Orfs), the DNA
probes used, and the recognition site for the restriction enzyme Swal
are indicated.

Experimental approach of the IS element-based RFLP. Restriction endonu-
clease digestion of genomic F. tularensis DNA was performed by two basic
strategies. First, we used enzymes with no recognition sites within the IS ele-
ments (Bg/IT and PstT). Second, an enzyme which cuts within the IS elements
(Swal cleaves ISFtul and ISFtu2) was used to maximize the possibility of deter-
mining the copy number of these IS elements in the isolates investigated in this
study and, hence, to aid in their discrimination. The positions of the probe
sequences in relation to the restriction sites in the IS elements are shown in Fig.
1. A 341-bp DNA fragment was used to hybridize to ISFtu2 from PstI- and
BgllI-digested genomic DNA. A 433-bp fragment was used to hybridize to ISFtu2
from Swal-digested genomic DNA. A 392-bp DNA fragment was used to hy-
bridize to ISFtul from Bgl/II-, PstI-, and Swal-digested genomic DNA (Fig. 1).

Amplification of probes. Probes were amplified by PCR. Reaction mixtures
contained PCR buffer (1.5 mM MgCl,), deoxynucleoside triphosphates (200
M), 20 pmol of each primer (MWG AG Biotech, Ebersberg, Germany), and 0.2
U of Tag DNA polymerase in a final volume of 20 pl. One microliter of template
DNA was used per reaction (1:10 dilution of plasmid preparation; plasmid midi
preparation; Qiagen, Crawley, United Kingdom). DNA amplification was per-
formed on a Gene Amplification System 9600 (PE Applied Biosystems Ltd.,
Warrington, United Kingdom). For the amplification of ISFtul (392 bp), primers
952Fa (5'-GAAAGCTTATTGTCACACCCCATCTA-3") and 952Ra (5'-GAC
GGAGTTCGAGCTGAGTAAGTTT-3") were used, with PCR conditions of 1
cycle of 94°C for 5 min; 30 cycles of 94°C (30 s), 67°C (30 s), and 72°C (30 s); and
1 cycle of 72°C for 7 min. For the amplification of ISFtu2 (341 bp), primers 866Fa
(5'-CATGTGCTCTTGCTATTGTTGA-3") and 866 Ra (5'-ACCGCTGTTAT
TTAAGATTTGAAA-3") were used, with PCR conditions of 1 cycle of 94°C for
5 min; 30 cycles of 94°C (30 s), 60°C (30 s), and 72°C (30 s); and 1 cycle of 72°C
for 7 min. When Swal-digested DNA was probed, an alternative ISFtu2-specific
probe (433 bp) was amplified by using primers New866F (5'-ATTCATCGTAA
CCAAATAAAAGTA-3") and New866R (5'-GCTACGGGATATGATAAAG
ATGATAAC-3"), with PCR conditions of 1 cycle of 94°C for 5 min; 30 cycles of
94°C (30 s), 58°C (30 s), and 72°C (30 s); and 1 cycle of 72°C for 7 min. The
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concentrations of the amplified probes were determined by obtaining optical
density readings at 260 nm with a 4054 UV/visible spectrophotometer (Amer-
sham Biosciences UK Ltd). The probe was aliquoted and stored at —20°C.

Growth of F. tularensis and genomic DNA extraction. The bacterial strains
were cultured on blood cysteine glucose agar plates supplemented with 10 ml of
10% (wt/vol) histidine per liter at 37°C for 1 day. Colonies were harvested from
the plates with a sterile loop, suspended in phosphate-buffered saline (pH 7.2),
and incubated overnight at 4°C. The bacteria were then collected by centrifuga-
tion (3,000 X g, 10 min) and resuspended in 15 ml of lysing solution (10 mM
NaCl, 20 mM Tris-HCI [pH 8] containing 1 mM EDTA and 0.5% [wt/vol] sodium
dodecyl sulfate [SDS]). Proteinase K was added to a final concentration 100
mg/ml, and the mixture was incubated for 12 h at 50°C. Three milliliters of 5 M
sodium perchlorate was then added to the cleared lysate, followed by incubation
at room temperature for 1 h. The lysate was extracted twice with an equal volume
of phenol-chloroform-isoamyl alcohol (25:24:1), and the DNA in the aqueous
phase was precipitated by the addition of 2 volumes of ice-cold 95% ethanol. The
DNA was spooled onto a sterile plastic loop and resuspended in distilled H,O.

Genomic DNA restriction endonuclease digestion and separation. Genomic
DNA samples were ethanol precipitated and resuspended in H,O, and their
concentrations were determined by obtaining optical density measurements at
260 nm. Typically, 2 ng of DNA was digested with 10 to 20 U of restriction
endonuclease (Swal, Bg/Il, or PstI) in a final volume of 15 pl overnight at 37°C.
The digested DNA was separated in a 0.7% (wt/vol) agarose-TAE (Tris-acetate-
EDTA) gel (with 0.5 ug of ethidium bromide per ml) with 1X TAE buffer at 100
V. DNA standards consisting of DIG-labeled HindIII-digested bacteriophage \
(molecular weight marker II; Roche Diagnostics Limited) were included as size
markers (5 to 10 ng per lane). Five microliters of the plasmid-cloned IS element
was used as a positive control.

Southern transfer and hybridization. After DNA separation the gels were
gently agitated for 45 min in denaturing solution (0.5 M NaOH, 1.5 M NaCl).
Following denaturation, the gels were gently agitated for 30 min and then for 15
min in neutralizing buffer (1 M Tris-HCI [pH 8.0], 1.5 M NaCl). The DNA was
transferred to a positively charged nylon membrane by capillary action with 10X
SSC (diluted from 20X SSC [1X SSC is 0.15 M NacCl plus 0.015 M sodium
citrate]; Sigma Chemical Co.). After DNA transfer, the membranes were air
dried for 30 min and baked at 120°C for 30 min. Prehybridization and hybrid-
ization of the membranes were performed at 37°C in DIG Easy Hyb. The probe
was made single stranded by boiling for 8 min and being placed on ice until use.
The probe was used at a concentration of 20 or 25 ng of DIG Easy Hyb per ml.

Detection of bound probe. The membranes were washed twice for 5 min each
time at room temperature in 2X SSC-0.1% SDS, followed by two washes at 68°C
in 0.1X SSC containing 0.1% SDS for 15 min.

The DIG Wash and Block Buffer set was used for the detection of the DIG
label. The hybridized probe was visualized indirectly by using an antibody di-
rected against the DIG label (anti-DIG alkaline phosphatase, Fab fragments).
The membrane was washed briefly in 1X wash buffer at room temperature and
was then blocked for 45 min at room temperature in 1.5X blocking solution
(made up in malic acid buffer). The membranes were incubated with antibody at
a dilution of 1:10,000 in 1.5 blocking solution for 30 min at room temperature.
Unbound antibody was removed by two 15-min washes at room temperature in
1X wash buffer.

The membranes were equilibrated for 2 min in detection buffer. Twenty to 30
drops (1 ml) of the substrate disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2'-(5'-
chloro)tricyclo[3.3.1.1%7]decan}-4-yl) phenyl phosphate was applied to a trans-
parent polyethylene folder. The membranes were incubated at room tempera-
ture for 10 min and for a further 15 min at 37°C. The membranes were then
exposed to Lumi-film chemiluminescent detection film.

Interpretation of banding patterns. In this study, the F. tularensis strains with
identical banding patterns have been assigned the same arbitrary letter or num-
ber code (e.g., A, II, or 8). RFLP patterns that resembled a particular banding
pattern but that had a one- or two-band difference from the pattern are denoted
by addition of an asterisk (e.g., A, I+, or &+) (Table 1).

Nucleotide sequence accession numbers. The ISFtu2 region of F. tularensis
subsp. tularensis strain SchuS4 has been assigned GenBank accession no.
AY101577. The ISFtul region of F. tularensis subsp. tularensis strain SchuS4 has
previously been assigned GenBank accession no. AF357005.

RESULTS

Identification of ISs in F. tularensis. Analysis of the available
genome sequence from F. tularensis subsp. tularensis strain
SchuS4 identified two repeated sequences with a typical IS
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FIG. 2. Southern blot of Bg/ll-digested DNAs from 17 strains of F. tularensis hybridized with an ISFtul-specific probe. Lanes 1 and 20,
molecular size marker (sizes are indicated on the left in kilobase pairs); lane 2, plasmid-borne IS element; lanes 3 to 6, F. tularensis subsp. tularensis
(FSC 237, FSC 199, ATCC 6223, and FSC 041, respectively); lanes 7 to 17, F. tularensis subsp. holarctica (LVS, FSC 092, FSC 017, FSC 075, FSC
035, FSC 200, FSC 025, FSC 108, FSC 250, FSC 097, and FSC 124, respectively); lanes 18 and 19, F. tularensis subsp. mediaasiatica (FSC 147 and

FSC 148, respectively).

element structure of 952 and 865 bp, respectively. Both IS
elements were flanked by terminal inverted repeats and con-
tained putative transposase genes.

The 952-bp IS element was designated ISFtul according to
the suggested nomenclature and showed similarities to mem-
bers of the IS630 family of bacterial ISs (21). The available F.
tularensis strain SchuS4 genome sequence indicated that 40
copies were present, each flanked by a 14-bp terminal inverted
repeat. As described previously, this element contains an in-
ternal 16-bp short sequence tandem repeat (SSTR16) adjacent
to one of the terminal inverted repeats (15). The various
ISFtul sequences have 2 to 18 copies of a 16-bp SSTR (Gen-
Bank accession no. AF357005). The two putative transposase
genes in ISFtul are 126 and 118 amino acids, respectively.

The 865-bp IS element was designated ISFtu2 and was
placed into the IS5 family of bacterial ISs (21). An analysis of
the available genome sequence indicated that 10 copies of this
IS element are present in F. tularensis subsp. tularensis strain
SchuS4. This IS element was flanked by 19-bp terminal in-
verted repeats and had an open reading frame encoding a
putative transposase of 247 amino acids. A search of the se-
quences in the GenBank database identified homology to sev-
eral bacterial putative transposase genes including one from
Vibrio salmonicida (GenBank accession no. AJ277063; E value,
10733 81 of 218 identical amino acids).

RFLP analysis of F. tularensis with an ISFtul-specific probe.
Genomic DNAs from a range of isolates of F. tularensis were
digested with the PstI or Bg/II restriction endonuclease, South-
ern blotted, and hybridized with the labeled ISFtul-specific
probe (Table 1). Due to the apparent high copy number of this
IS it was difficult to obtain discrete probe-reactive bands.
When the DNAs of all of the isolates of F. tularensis subsp.
tularensis tested were digested with Bg/Il, they had unique,

although related, RFLP profiles (Fig. 2). Only the attenuated
strain, ATCC 6223, showed a profile which had a low level of
similarity to the profiles of other strains in the same subspecies
(F. tularensis subsp. tularensis). The profiles obtained after Pst1
digestion of the DNAs from isolates of F. tularensis subsp.
tularensis showed a lower level of discrimination within this
subspecies (data not shown), and some isolates had identical
patterns. The isolates tested were grouped on the basis of the
differences and similarities in probe-reactive bands (Table 1).
Three main patterns were identified among the F. tularensis
subsp. holarctica isolates after their Bg/lI-digested DNAs were
probed with the ISFtul-specific probe, and two main patterns
were identified after PstI digestion of these DNAs. Isolates of
F. tularensis subsp. holarctica originating from Japan displayed
a distinct profile after digestion of their DNAs with either
enzyme. In addition, Bg/II digestion of these DNAs resulted in
a single band difference between the two Japanese isolates
investigated. DNAs from F. tularensis subsp. mediaasiatica iso-
lates also had distinct RFLP profiles after digestion with Bg/II
or Pst], and they were probed with an ISFtul-specific probe.
BgllII digests did, in addition, permit discrimination of the F.
tularensis subsp. mediaasiatica isolates tested in this study.
RFLP analysis of F. tularensis with an ISFtu2-specific probe.
Genomic DNAs from a range of isolates of F. tularensis were
digested with the Bglll (data not shown) or PstI enzyme,
Southern blotted, and hybridized with a labeled ISFtu2-specific
probe. The results indicated that clearer discrimination be-
tween isolates was possible after PstI digestion of DNA (Fig.
3). However, on comparison with the patterns of hybridization
obtained with the ISFtul-specific probe, poorer discrimination
of individual isolates was possible with the ISFtu2-specific
probe (Table 1). When the DNAs were digested with PstI and
probed with the ISFtu2-specific probe, some of the probe-
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FIG. 3. Southern blot of PstI-digested DNAs from 17 strains of F. tularensis hybridized with an ISFtu2-specific probe. Lanes 1 and 20, molecular
size markers (sizes are indicated on the left in kilobase pairs); lane 2, plasmid-borne IS element; lanes 3 to 6, F. tularensis subsp. tularensis (FSC
237, FSC 199, ATCC 6223, and FSC 041, respectively); lanes 7 to 17, F. tularensis subsp. holarctica (LVS, FSC 092, FSC 017, FSC 075, FSC 035,
FSC 200, FSC 025, FSC 108, FSC 250, FSC 097, and FSC 124, respectively); lanes 18 and 19, F. tularensis subsp. mediaasiatica (FSC 147 and FSC

148, respectively).

reactive bands were common to all of the isolates tested. How-
ever, some bands were unique either to individual strains or to
groups of isolates. The isolates tested were grouped on the
basis of the differences and similarities in probe-reactive bands
(Table 1). With the exception of attenuated strain ATCC 6223,
all of the F. tularensis subsp. tularensis isolates tested had iden-
tical profiles when their DNAs were digested with either PstI
or Bg/Il. Both of the isolates of F. tularensis subsp. mediaasi-
atica tested also had identical and distinctive RFLP profiles
when their DNAs had been digested with either PstI or Bg/Il.
When the DNAs from isolates of F. tularensis subsp. holarctica
were digested with Bg/ll, all of the isolates with the exception
of the isolates from Japan showed identical profiles. The iso-
lates from Japan shared a distinct profile. PstI digestion re-
vealed three distinct patterns among the F. tularensis subsp.
holarctica isolates, with the isolates originating from Japan
sharing a unique profile.

RFLP analysis of F. tularensis DNA with an IS element-
cutting enzyme. The restriction endonuclease Swal cuts once
within the ISFtu2 sequence (at 329 bp) and once in the ISFtul
sequence (at 829 bp in an ISFtul sequence with a 16-bp SSTR
occurring in two copies) (Fig. 1). Only fragments containing
the 5" sequence of ISFtu2 or the 3’ sequence of ISFtul hy-
bridize with the appropriate IS element-specific probe after
Swal digestion of DNA. This permits the detection of single
copies of the IS elements and, subsequently, the determination
of the approximate copy number of IS elements in individual
isolates.

When DNAs from isolates of F. tularensis subsp. tularensis,
F. tularensis subsp. holarctica, and F. tularensis subsp. mediaa-
siatica were digested with Swal and hybridized with ISFtul,
approximately 40 DNA probe-reactive fragments were present
in all of the isolates tested (Fig. 4). When similar experiments

were performed with the ISFtu2-specific probe, 12 probe-re-
active fragments were detected in F. tularensis subsp. tularensis.
In the strains of F. tularensis subsp. holarctica and F. tularensis
subsp. mediaasiatica tested, there were approximately 30 to 35
and 13 probe-reactive fragments, respectively (Fig. 5).

The patterns of hybridization of Swal-digested DNA frag-
ments (Fig. 4 and 5) revealed that even though single copies of
IS elements can be identified, there was a striking similarity of
hybridization profiles between the DNAs from different strains
within each subspecies. These groupings are detailed in Table
1.

When DNAs from different strains of F. tularensis subsp.
tularensis were digested with Swal and hybridized with the
ISFtul- and ISFtu2-specific probes, all of the profiles except
that for strain ATCC 6223 formed a single subgroup. DNAs
from different strains of F. tularensis subsp. holarctica showed
limited diversity, and digested DNAs from strains FSC 025 and
FSC 108, which had been hybridized with the ISFtu2-specific
probe, formed a distinct grouping (Fig. 5). Digested DNAs
from the two Japanese isolates of F. tularensis subsp. holarctica
showed a profile distinct from those obtained with other iso-
lates of F. tularensis subsp. holarctica with both the ISFtul- and
ISFtu2-specific probes (Fig. 4 and 5). Digested DNAs from the
F. tularensis subsp. mediaasiatica isolates, which were hybrid-
ized with either the ISFtul- or ISFtu2-specific probe, showed
profiles which were distinct from the profiles obtained with
DNAs from the other isolates of F. tularensis tested in this
study.

DISCUSSION

There are three subspecies of F. tularensis. The subspecies F.
tularensis subsp. tularensis, F. tularensis subsp. holarctica, and F.
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FIG. 4. Southern blot of Swal-digested DNAs from 17 strains of F. tularensis hybridized with an ISFtul-specific probe. Lanes 1 and 20,
molecular size marker (sizes are indicated on the left in kilobase pairs); lane 2, plasmid-borne IS element; lanes 3 to 6, F. tularensis subsp. tularensis
(FSC 237, FSC 199, ATCC 6223, and FSC 041, respectively); lanes 7 to 17, F. tularensis subsp. holarctica (LVS, FSC 092, FSC 017, FSC 075, FSC
035, FSC 200, FSC 025, FSC 108, FSC 250, FSC 097, and FSC 124, respectively); lanes 18 and 19, F. tularensis subsp. mediaasiatica (FSC 147 and

FSC 148, respectively).

tularensis subsp. mediaasiatica all pose significant threats as
human pathogens (8, 11, 25, 26, 29).

This is the first report of a typing methodology that uses the
ISs found in F. tularensis. The nucleotide sequence of ISFtul
has been described previously (15). In this study we have used
the genome sequence of F. tularensis subsp. tularensis strain

1 23 45 6 7 89 10111213 1415 16 17 18 19 20
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SchuS4 to identify a novel IS element which we have termed
ISFtu2. The RFLP typing method reported here exploits
probes derived from the sequences of both ISFtul and ISFtu2.

Other DNA-based typing methods have exploited sequences
that are not derived from F. tularensis. The use of primers
consisting of the REP sequence, the ERIC sequence, or RAPD
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FIG. 5. Southern blot of Swal-digested DNAs from 17 strains of F. tularensis hybridized with an ISFtu2-specific probe. Lanes 1 and 20,
molecular size marker (sizes are indicated on the left in kilobase pairs); lane 2, plasmid-borne IS element; lanes 3 to 6, F. tularensis subsp. tularensis
(FSC 237, FSC 199, ATCC 6223, and FSC 041, respectively); lanes 7 to 17, F. tularensis subsp. holarctica (LVS, FSC 092, FSC 017, FSC 075, FSC
035, FSC 200, FSC 025, FSC 108, FSC 250, FSC 097, and FSC 124, respectively); lanes 18 and 19, F. tularensis subsp. mediaasiatica (FSC 147 and

FSC 148, respectively).
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has permitted the discrimination of subspecies of F. tularensis
and even individual isolates (6). However, an analysis of the
SchuS4 genome sequence has revealed no evidence of REP or
ERIC sequences (16).

With the availability of F. tularensis strain SchuS4 genome
sequence data, we considered that typing methodologies could
be based upon known sequence elements within the genome. A
typing system based upon SSTRs could, in theory, offer a
highly discriminatory typing system due to their vulnerability to
mutation (33). Two studies based upon such a system have
been reported (9, 15). In the report of Johansson et al. (15),
eight discrete SSTR loci were identified from the F. tularensis
subsp. tularensis strain SchuS4 genome sequence. Two of the
loci (SSTRY and SSTR16) containing unique SSTR elements
showed high degrees of allelic variability between strains. The
PCR products from both SSTR loci were highly discriminatory
when they were used in combination, giving a Simpson’s index
of diversity of 0.97. This permits discrimination of individual
strains. The report of Farlow et al. (9) described six variable
number tandem repeat loci and a previously identified 30-bp
region of heterogeneity (15) that distinguishes members of the
subspecies F. tularensis subsp. holarctica. The polymorphisms
at these loci were used to resolve 56 isolates into 39 unique
types. This demonstrates higher-level relationships, which are
consistent with the present subspecies classification.

In this study an alternative view of the organization of the
genomes from different strains of F. tularensis is offered. Entire
genomes can be compared with each other on the basis of the
numbers and distributions of IS elements. IS elements are
mobile DNA elements that can transpose themselves into di-
verse sites within the genome. They are maintained in bacterial
populations as they replicate and transpose independently to
the chromosomal DNA. Hence, they are subject to continuous
variation during the history of a bacterial clone. Therefore,
RFLP based upon IS elements could reveal much about the
epidemiology and evolutionary genetics of bacterial pathogens
(31, 33).

The most important finding of our study is that despite the
diverse geographical origins of the strains tested, the distribu-
tions of the IS elements are generally stable among isolates of
each subspecies. On the basis of the RFLP patterns of the
isolated DNAs, the F. tularensis isolates tested fell into one of
five main groups, namely, F. tularensis subsp. tularensis, the
attenuated strain F. tularensis subsp. tularensis ATCC 6223, F.
tularensis subsp. holarctica, Japanese isolates of F. tularensis
subsp. holarctica, and F. tularensis subsp. mediaasiatica. This
ability to group isolates on the basis of IS element distribution
is in contrast to the results found with recently emerged patho-
gens such as M. tuberculosis and Y. pestis. Typing of isolates of
these species, which is based on the IS elements IS67/70 and
1S100, respectively, showed that these species are genetically
diverse in terms of both IS element distribution and copy
number (1, 19, 30). Our results suggest that the F. tularensis IS
elements are not frequently involved in genome rearrange-
ments. Alternatively, the homogeneity may reflect a slow rate
of evolution of the bacterium due to a long mean generation
time, possibly because of a dormant phase in an ecological
niche between epidemics in mammalian hosts.

The potential for using IS element-based RFLP as a typing
method for the discrimination of individual isolates of F. tula-
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rensis is somewhat limited. However, our analysis of IS element
copy number and RFLP profiles did permit some groups
within subspecies to be identified. Significantly, our results
demonstrated that the Japanese isolates of F. tularensis subsp.
holarctica tested could be discriminated from the other F.
tularensis subsp. holarctica isolates tested in this study. It has
been reported that the Japanese isolates of F. tularensis subsp.
holarctica have distinct differences from other isolates of the
subspecies in terms of their genetic makeup (26, 29). The
Japanese isolates consistently grouped separately from the
other isolates of F. tularensis subsp. holarctica used in this
study. Therefore, our results seem to support the suggestion
that Japanese isolates are a distinct subgroup that has some-
times been termed F. tularensis subsp. holarctica biovar ja-
ponica (26, 29).

Similarly, our results provide new insight into the genetic
organization of DNA from isolates of F. tularensis subsp. me-
diaasiatica in comparison with the DNA of other isolates of F.
tularensis. The 16S rDNA genotype of F. tularensis subsp. me-
diaasiatica has previously been shown to be most similar to the
16S rDNA genotype of F. tularensis subsp. tularensis (29), and
isolates of both of these subspecies show citrulline ureidase
activity (26, 29). Our findings show that the copy numbers of
ISFtul and ISFtu2 in the F. tularensis subsp. mediaasiatica
isolates tested are most similar to the copy numbers (but not
the distributions) of these IS elements in isolates of F. tularen-
sis subsp. tularensis. This finding may indicate that these sub-
species have relatively similar evolutionary histories. In sup-
port of this suggestion, a whole-genome microarray analysis of
F. tularensis isolates has revealed that although isolates of F.
tularensis subsp. mediaasiatica possess a moderate virulence,
their DNA is most similar to the DNA from isolates of highly
virulent F. tularensis subsp. tularensis (M. Broekhuijsen, P.
Larsson, A. Johansson, et al., submitted for publication).

Although both of the attenuated isolates evaluated in this
study (strains ATCC 6223 and LVS) had unique profiles, our
analysis has not revealed any consistent differences between
the RFLP profiles of virulent and attenuated isolates of F.
tularensis. Our finding that the profile of the DNA of isolate
ATCC 6223 consistently differs from those of the DNAs of
other strains of F. tularensis subsp. tularensis corroborates the
findings of previous studies in which a microarray (Broekhui-
jsen et al., submitted), pulsed-field gel electrophoresis (A. Jo-
hansson and A. Sjostedt, unpublished results), or RAPD PCR
typing (16) was used to analyze the genomic makeup. DNA
from F. tularensis LVS digested with PstI had a profile distinct
from those of the other F. tularensis subsp. holarctica isolates
tested, but the IS element copy number appeared to be similar
to that in other F. tularensis subsp. holarctica isolates. Similar
IS element copy numbers may indicate that IS elements ISFtul
and ISFtu2 may not contribute to the attenuated status of this
strain. Conversely, the unique banding patterns of LVS may
suggest that the IS elements caused adjacent deletions within
the genome, and these could account for the attenuation of
LVS.
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