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Following detection of putative Francisella species in aerosol samples from Houston, Texas, we surveyed soil
and water samples from the area for the agent of tularemia, Francisella tularensis, and related species. The
initial survey used 16S rRNA gene primers to detect Francisella species and related organisms by PCR
amplification of DNA extracts from environmental samples. This analysis indicated that sequences related to
Francisella were present in one water and seven soil samples. This is the first report of the detection of
Francisella-related species in soil samples by DNA-based methods. Cloning and sequencing of PCR products
indicated the presence of a wide variety of Francisella-related species. Sequences from two soil samples were
99.9% similar to previously reported sequences from F. tularensis isolates and may represent new subspecies.
Additional analyses with primer sets developed for detection and differentiation of F. tularensis subspecies
support the finding of very close relatives to known F. tularensis strains in some samples. While the pathoge-
nicity of these organisms is unknown, they have the potential to be detected in F. tularensis-specific assays.
Similarly, a potential new subspecies of Francisella philomiragia was identified. The majority of sequences
obtained, while more similar to those of Francisella than to any other genus, were phylogenetically distinct from
known species and formed several new clades potentially representing new species or genera. The results of this
study revise our understanding of the diversity and distribution of Francisella and have implications for
tularemia epidemiology and our ability to detect bioterrorist activities.

The genus Francisella comprises two species of gram-nega-
tive coccobacilli, F. tularensis and F. philomiragia. F. tularensis
is the etiologic agent of tularemia in humans and animals and
can occur as pneumonic or ulceroglandular disease. F. tularen-
sis is highly infectious (exposure to less than 10 organisms can
cause disease), and if left untreated, mortality from infection
with this pathogen may be as high as 30 to 60% of cases (9).
These characteristics made this organism the focus of historical
biological warfare research programs in the United States,
Japan, and the former Soviet Union (9). The U.S. Centers for
Disease Control (CDC) lists F. tularensis among the category A
potential biological terrorism agents (28), and it is one of the
pathogens monitored by the BioWatch aerosol surveillance
program (4, 25) for potential bioterrorist attacks.

An average of 124 cases of tularemia were recorded annually
in the United States in the last decade (6), and hundreds of
cases per year are reported from tularemia-endemic areas of
Europe (3, 35). F. philomiragia infections affect mainly near-
drowning victims and immunocompromised patients but none-
theless can cause severe disease (22). Comprising only these
two validly published named species, the currently described
diversity of the genus Francisella is rather limited (34). Several

closely related endosymbiots of ticks, including the named
species Wolbachia persica (18) as well as species identified only
by analysis of DNA sequence data (29), also affiliate with the
Francisellaceae based on analysis of 16S rRNA sequences. Re-
cent genetic analyses, however, have suggested that consider-
able diversity within the genus remains to be discovered (23).

Francisella species are known to infect �150 species of ver-
tebrate animals and may also be associated with protozoa in
the environment (1). This broad host distribution has impeded
understanding of Francisella ecology and epidemiology (27).
Francisella strains are extremely difficult to culture from envi-
ronmental sources (27), and few studies of its natural distribu-
tion and diversity have been undertaken (16), usually after
human disease outbreaks have been reported (3, 13, 19). The
organism can persist in water or mud for at least a year (5),
supporting the possibility that environmental matrices may be
important reservoirs for this pathogen. Recent and historical
outbreaks indicate that environmental exposure to the organ-
ism is a significant source of morbidity (3, 14, 21).

PCR-based analyses have been developed and used to detect
Francisella species in water (16) and tissue samples in a few
cases (11, 17, 19, 30, 36), but such analyses have not yet been
reported for soil or other environmental samples. To better
understand the natural diversity and ecology of this pathogen
and its closely related species, it is important to further explore
its distribution and diversity in the environment. This informa-
tion is also critical to understanding the natural background of
the pathogen in environmental samples that may be collected
for detection and attribution of biological threat agents.

We analyzed soil and water samples for the presence of

* Corresponding author. Mailing address: Los Alamos National
Laboratory, Bioscience Division, Mail Stop M888, Los Alamos, NM
87545. Phone: (505) 665-4800. Fax: (505) 665-3024. E-mail: kuske
@lanl.gov.

† This is publication number LA-UR-04-8972.
‡ Present address: Section of Microbiology, University of California,

Davis, California.

5494



Francisella-like DNA sequences to follow up on the detection
of putative F. tularensis in Houston, Texas, by BioWatch aero-
sol monitors in October 2003 (4). We employed a nested ap-
proach, using PCR primer sets of increasing specificity to de-
tect and identify Francisella sequences present in DNA extracts
from the samples. PCR products were then cloned and se-
quenced to provide additional information on the diversity of
species present.

MATERIALS AND METHODS

Environmental sampling and DNA extraction. Three hundred forty-one sur-
face soil samples (30 to 50 ml each) and 23 water samples (approximately 100 ml
each) were collected as single-grab samples in small plastic bags or tubes
throughout the eastern Houston, Texas, metropolitan area in November 2003.
Samples were stored and transported on ice to the Los Alamos National Labo-
ratory and stored at �70°C for approximately 10 days after collection. Total
DNA was extracted from approximately 0.25 to 0.35 ml of the soil samples using
the MoBio UltraClean soil DNA isolation kit (MoBio Laboratories, Carlsbad,
CA), following the manufacturer’s protocols. Briefly, soil was suspended in buffer
with 0.1-um glass beads (in a 96-well format) and rapidly shaken to disrupt cells.
DNA was purified from soil and cell debris by binding to a silica membrane,
washing, and elution. For the water samples, cells were pelleted from 50-ml
subsamples by centrifugation, followed by extraction of DNA from the pellet
using the MoBio kit. Bacterial thermolysates were used as sources of DNA from
laboratory Francisella strains (Table 1), as previously described (12).

PCR survey of environmental DNAs. Initially, all samples were amplified with
primers 27F and 787Rb, targeting the small-subunit rRNA genes of all bacteria.
Results from this amplification (not shown) indicated that �95% of the extracts
were sufficiently pure and contained sufficient DNA to support PCR. Each 25-�l
PCR contained 10 mM Tris (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM
deoxynucleoside triphosphates, 0.1 �M each primer, 0.94U of AmpliTaq LD
polymerase (Perkin-Elmer), 5 �g bovine serum albumin (Boehringer Mann-
heim), and 1 �l soil or water DNA. Cycling conditions were as follows: 4 min
denaturation at 94°C; 40 cycles of 55°C for 45 s, 72°C for 60 s, and 94°C for 30 s;
and a final cycle of 55°C for 45 s and 72°C for 5 min (20 min for reactions to be
cloned), carried out in a PTC-200 thermal cycler (MJ Research).

To screen for the presence of 16S rRNA gene sequences related to Francisella,
each soil and water sample was amplified with primers Fr153F0.1 (5�-GCCCA
TTTGAGGGGGATACC-3�) and Fr1281R0.1 (5�-GGACTAAGAGTACCTTT
TTGAGT-3�), modified from the F11 and F5 primers of Forsman et al. (18) to
increase sensitivity and specificity, at an annealing temperature of 60°C. These
primers were designed to detect F. tularensis and F. philomiragia as well as the
Francisella-like tick endosymbionts related to Wolbachia persica (29).

Soil samples that gave positive results with the Francisella 16S rRNA gene
screen were tested further by amplification of extracted DNAs with a series of
primers designed to be more specific for F. tularensis (ISFTu2F/R, targeting an
insertion element-like sequence; 23kDaF/R, targeting the 23kDa gene, which is
expressed upon macrophage infection; and the Tul4F/R and FopAF/R pairs,
targeting genes encoding outer membrane proteins) (36). To differentiate among
F. tularensis subgroups, primers SdhF (5�-AAGATATATCAACGAGCKTTT-
3�) and SdhR (5�-AAAGCAAGACCCATACCATC-3�), targeting a putative
succinate dehydrogenase locus (sdhA), were designed and used in PCR and
sequencing analyses to identify differences among 48 isolates representing F.
tularensis subspecies and F. philomiragia. Primers SdhF/R were used at an an-
nealing temperature of 56°C, and the ISFTu2F/R, 23kDaF/R, Tul4F/R and
FopAF/R pairs at used at an annealing temperature of 60°C.

Positive control reactions using DNA from F. tularensis LVS (ATCC 29684) (1
and 0.1 pg), as well as negative-control reactions without DNA, were included in
each experiment. F. tularensis DNA was added to control reactions only after all
experimental reaction tubes were sealed to prevent false positives due to con-
tamination. Five microliters of each reaction mixture was analyzed on a 1, 2, or
3% (depending on expected product size) agarose gel. DNA was visualized by
ethidium bromide staining and UV transillumination. Putatively positive reac-
tions were repeated to confirm results and obtain products for cloning. PCR
amplification of extracts from Francisella laboratory isolates was performed as
above, using the 27F/1492R primer pair for the 16S rRNA gene (24) and SdhF/R
for the sdhA gene (Table 1).

Cloning and sequencing of PCR products. PCR products from all of the
Francisella primer sets were purified by electrophoresis on SeaKem agarose gels,
the bands were excised and purified using a Qiaex DNA purification kit (QIA-

GEN, Inc., Chatsworth, CA), using the manufacturer’s protocol. Products were
cloned into the pCR4 vector, using the TOPO-TA cloning kit and the manufac-
turer’s protocols (Invitrogen, San Diego, CA). For most soil and water PCR
products, 48 to 96 clones were picked and stored in glycerol medium for se-
quencing. For 16S rRNA and sdhA gene sequences from Francisella reference
isolates, two clones were picked and sequenced on both strands for each isolate
and the sequences were compared, in an effort to reduce Taq polymerase-
induced errors.

Plasmid DNA was isolated from overnight cultures using a solid-phase reverse
immobilization procedure (10), and inserts were sequenced using the M13 for-
ward primer or a PCR primer, with the BigDye terminator cycle sequencing
reagents (v3.0, Applied Biosystems, Foster City, CA). Sequencing reactions were
analyzed on ABI 3700 and 3730 automated sequencers (Applied Biosystems).
Preliminary analysis of partial 16S rRNA gene sequences from environmental
clone libraries was used to select representatives for full sequencing. Full-length,
double-stranded sequence was obtained from these selected environmental and
isolate clones using the M13F and M13R primers and additional primers internal
to the 16S rRNA gene, 533Fb (5�-GCCAGCAGCNGCGGTAA-3�), 940Fb.Ft
(5�-CGGGGACCCGCACAAGC-3�), 910Rb.Ft (5�-GTCCCCGTCAATTCCTT
TGAG-3�), and 517Rb0.1 (5�-ATTACCGCIGCTGCTGGC-3�) (modified from
reference 24 for use with Francisella spp. sequences).

Analysis of sequence data. Raw data were analyzed using Sequencher (Gene
Codes, Inc.) software. The Check_Chimera program (8) was used to screen for
chimeric 16S rRNA sequences, which were removed from subsequent analyses.
Comparisons were made to database sequences using the RDP Sequence Match
program (7) and NCBI BLAST 2.0 (01/05) (2). For phylogenetic analyses of 16S
rRNA gene data, sequences were obtained from databases and aligned using
Clustal X (33), with final alignment accomplished manually using the GDE
multiple sequence editor (8). Sequence analyses were performed on approxi-
mately 1,125 aligned nucleotides from each rRNA gene sequence, corresponding
to the length of clones obtained from the environmental PCRs.

Phylogenetic trees were inferred using maximum-likelihood analysis (fast-
DNAml version 1.1, distributed by RDP) (26). Additional distance (minimum
evolution) and parsimony analyses (not shown) used to assess support for place-
ment of new sequences were performed using PAUP* (v. 4.0b10 for Macintosh)
(31). This program was also used to calculate 16S rRNA gene sequence similar-
ities and infer trees from sdhA sequence data. For sequences from amplification
reactions using the primers of Versage et al. (36), sequence comparisons and
similarity calculations were performed using BLAST analyses (2).

Nucleotide sequence accession numbers. Sequences representative of each
new sequence type obtained in this study, as well as from the reference isolates
(Table 1), have been deposited in GenBank under accession no. AY968223 to
AY968239 (16S rRNA gene sequences from reference isolates); AY968283 to
AY968305 (16S rRNA gene sequences from Houston soil clones); AY968240
to AY968282 (sdhA sequences from reference isolates); AY968306 to AY968310
(representative sdhA sequences from Houston soil clones); and AY973868 to
AY973879 (representative sequences from Houston soil samples generated with
the primers of Versage et al.).

RESULTS

16S rRNA sequence analysis. To survey broadly for the
presence of Francisella species and relatives, DNA extracts
from 364 Houston soil and water samples were amplified by
PCR with primers targeting the small-subunit rRNA genes of
Francisella spp. and related tick symbionts. This screening in-
dicated that seven soil samples and one water sample con-
tained 16S rRNA gene sequences related to Francisella. Five of
the seven soil samples and the one positive water sample were
obtained from a marshy spoils area, while samples 027 and 045
were obtained from a lawn and the bank of a drainage ditch,
respectively.

A clone library was constructed from the PCR products of
each sample, and a total of 311 good-quality 16S rRNA gene
sequences were obtained and analyzed. All sequences obtained
affiliated most closely with sequences from the Francisella ge-
nus by BLAST analysis, confirming the specificity of the prim-
ers. Representative clones for each sequence type obtained
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were sequenced in their entirety (approximately 1,170 bp), and
cloned rRNA gene sequences of an additional 17 Francisella
isolates were determined for reference.

Phylogenetic analyses revealed a surprising variety of se-
quence types present in the samples (Fig. 1). None of the
sequences obtained from the soil samples were identical to any
16S rRNA sequences available in GenBank or in our reference
collection, and the majority of the sequences from the samples
did not group closely with previously reported sequences from
any Francisella isolates. These sequences instead fell into three

phylogenetically distinct clusters (Fig. 1; groups II, III, and V)
containing only novel sequences from this study. These new
clusters showed high sequence similarity (�99.1%) within each
cluster, but they were only more distantly related to sequences
from isolates (�98.5% sequence identity to closest outlying
group). Phylogenetic analysis by several methods gave strong
support (97 to 100% support in bootstrap analysis) to the
coherence of these clusters and their separation from other,
previously known sequence types.

Based on levels of sequence identity suggested in previous

TABLE 1. Francisella reference isolates sequenced in this study

Isolate GenBank accession no.

Species Subspecies Strain(s) 16S rRNA gene sdhA gene

F. tularensis tularensis FSC 053 AY968223
F. tularensis tularensis FSC 054 AY968224
F. tularensis tularensis FSC 199 AY968225
F. tularensis tularensis FSC 237, Schu S4 AY968226 AY968240
F. tularensis tularensis MC14 AY968241
F. tularensis tularensis CO 003111 AY968242
F. tularensis tularensis KS 00-0948 AY968243
F. tularensis tularensis MA 00-2970 AY968244
F. tularensis tularensis MA 00-2972 AY968245
F. tularensis tularensis MA 00-2973 AY968246
F. tularensis tularensis MA 00-2987 AY968247
F. tularensis tularensis OK-CAN AY968248
F. tularensis tularensis OK-CHK AY968249
F. tularensis tularensis OK-HUG AY968250
F. tularensis tularensis OK-OKL-1 AY968251
F. tularensis tularensis OK-OKL-2 AY968252
F. tularensis tularensis OK-TUL-1 AY968253
F. tularensis tularensis SD 00-3146 AY968254
F. tularensis tularensis SD 00-3147 AY968255
F. tularensis holarctica FSC 017 AY968227
F. tularensis holarctica FSC 022 AY968228
F. tularensis holarctica FSC 025 AY968229
F. tularensis holarctica LVS FSC 155, ATCC 29684 AY968230 AY968256
F. tularensis holarctica FSC 257 AY968231
F. tularensis holarctica NM 00-2642 AY968257
F. tularensis holarctica UT 01-1901 AY968232
F. tularensis holarctica 83A-7152 AY968258
F. tularensis holarctica 84A-3697 AY968259
F. tularensis holarctica 85A-3896 AY968260
F. tularensis holarctica 86A-4765 AY968261
F. tularensis holarctica 89A-2909 AY968262
F. tularensis holarctica 89A-7092 AY968263
F. tularensis holarctica 90A-2057 AY968264
F. tularensis holarctica 91A-3318 AY968265
F. tularensis holarctica 94A-3157 AY968266
F. tularensis holarctica 97A-3245 AY968267
F. tularensis holarctica 99A-2628 AY968268
F. tularensis holarctica 99A-6712 AY968269
F. tularensis holarctica 99A-9419 AY968270
F. tularensis holarctica Cal26 AY968271
F. tularensis holarctica Cal28 AY968272
F. tularensis mediaasiatica FSC 122 AY968233
F. tularensis mediaasiatica FSC 147 AY968234 AY968273
F. tularensis mediaasiatica FSC 148 AY968235 AY968274
F. tularensis mediaasiatica FSC 149 AY968236 AY968275
F. tularensis novicida FSC 040, ATCC 15482 AY968237 AY968276
F. tularensis novicida-like FSC 156 fx1 AY968238 AY968277
F. tularensis novicida-like FSC 157 fx2 AY968278
F. philomiragia FSC 037 AY968279
F. philomiragia FSC 038 AY968280
F. philomiragia FSC 039 AY968281
F. philomiragia FSC 144, ATCC 25015 AY968239 AY968282
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16S rRNA analysis of the genus (12), the organisms from
which these sequences derived probably constitute several new
species of Francisella. However, there was moderate support
for the clustering of group III sequences with those of F.

philomiragia, suggesting a specific relationship between these
groups. Sequences in group V were only rather distantly re-
lated (�93.7% identity) to any other sequences in the data-
base, but were more similar to those of Francisella spp. than to

FIG. 1. Phylogenetic tree showing relationships of small-subunit rRNA gene sequences obtained from environmental samples to those of
Francisella and related species. The tree was rooted using sequences of Escherichia coli, Thiothrix ramosa, Caedibacter taenospiralis, Piscirikettsia
salmonis, and Thiomicrospira thyasirae (not shown). The percentage of 100 bootstrap resamplings that support each topological element in
maximum-likelihood analysis is indicated, for values of �70%. Phylogenetic groups of sequences obtained in this study are labeled I to V. Within
these groups, sequences representative of the types obtained from Houston soil clone libraries (in red) are labeled with the sample name (soil
samples 005 to 045 and one water sample) and by distinct sequence types within each sample (a to d). Numbers in parentheses indicate the
percentage of clones with identical sequences obtained from that sample. Sequences in blue text are reference sequences obtained in this study.
Sequences in black were obtained from GenBank, with accession numbers shown in parentheses. The scale bar corresponds to 0.05 substitution
per nucleotide position.
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any non-Francisella sequences (87.8% identity to the sequence
of the closest non-Francisella relative, Caedibacter tenospiralis).
Based on this level of sequence identity, our analysis suggests
that the organisms from which sequences in group V derived
may constitute a new genus of Francisella-related species.

Sequences were also obtained which affiliated closely with
those of F. philomiragia strains isolated from water. Although
the sequences from the one positive water sample from Hous-
ton were all identical to that of F. philomiragia ATCC 25015,
none of the soil-derived sequences were an exact match to any
F. philomiragia sequence in the database (Fig. 1, group IV). In
addition, bootstrap support was high for grouping these se-
quences to the exclusion of other F. philomiragia sequences,
and these may represent new strains or subspecies of F. philo-
miragia organisms in these samples.

The majority of sequences from sample 039 and a few from
034 differed by only 1 to 2 nucleotides from sequences of F.
tularensis isolates (Fig. 1, group I). This level of nucleotide
identity is similar to that reported for different subspecies of F.
tularensis (18), and bootstrap analysis also supported inclusion
of the soil sequences within the F. tularensis group. These data
indicate that the environmental organisms may constitute new
subspecies of F. tularensis.

sdhA sequence analysis. To further investigate the genetic
relationship between the soil organisms and known isolates, we
used a PCR primer set capable of discriminating among the
subspecies of F. tularensis. From available Francisella species
genome sequence data, the sdhA gene, which encodes a puta-
tive succinate dehydrogenase, was found to differentiate strains
at the subspecies level based on specific single-nucleotide poly-
morphism (SNP) signatures. The SdhA primer set was tested
in PCR against DNAs from a diverse group of 48 F. tularensis
isolates (including representatives of F. tularensis subspp. tula-
rensis, holarctica, mediaasiatica, and novicida) and four isolates
of F. philomiragia. Maximum-parsimony analysis of the sdhA
sequences from the 48 known isolates revealed 43 SNPs com-
mon to all F. tularensis isolates that distinguish them from F.
philomiragia strains (Fig. 2). In contrast, strains of F. tularensis
clustered much more closely in this analysis and were generally
well resolved into subspecies clusters by the sequence of their
sdhA genes. Three of the subspecies of F. tularensis form
closely related but distinct clades with single-nucleotide poly-
morphisms separating F. tularensis subsp. tularensis, F. tularen-
sis subsp. holarctica, and F. tularensis subsp. mediaasiatica. F.
tularensis subsp. novicida isolates form a more distant clade,
with two and three SNP resolution between the F. tularensis
subsp. novicida and F. tularensis subsp. novicida-like isolates
and the other biovars. The separation of the individual sub-
species of F. tularensis by only a limited number of SNP dif-
ferences is consistent with multilocus variable-number tandem
repeat studies indicating the clonal evolution of this species
(12, 23).

Of the seven Houston soil samples positive with the 16S
rRNA gene primer set, soil samples 015, 027, 034, 039, and 045
gave PCR products and sdhA-like sequences with the Sdh
primers (Table 2, Fig. 2). None of the sequences fell into F.
tularensis subsp. tularensis, F. tularensis subsp. holarctica, or F.
tularensis subsp. mediaasiatica clades, but 54 of 56 clones
formed a new F. tularensis group equally closely related to F.
tularensis subsp. subsp. holarctica and F. tularensis subsp. novi-

cida, with representatives obtained from each of the five soil
samples (Table 2). Within this new subspecies cluster, three
sequence types (Fig. 2) were distinguishable by a unique SNP.
This result further supports the presence of novel F. tularensis
subspecies in these samples. In addition, two clones from the
034 soil sample contained sequences that grouped closely with
the sequences of the F. philomiragia isolates, differing by only
two to three SNPs from known isolates (Fig. 2). This result
concurs with the recovery of 16S rRNA gene sequences similar
to those of F. philomiragia from this sample.

F. tularensis-specific primer sets. The primer sets described
by Versage et al. (36) were originally designed to be used in
TaqMan assays. To capture as broad a group of Francisella
species as possible, the primer pairs were used in standard
PCR assays, without use of the corresponding TaqMan probes,
and the resulting amplicons were cloned and sequenced. Only
the two soil samples, 034 and 039, from which F. tularensis-type
16S rRNA gene sequences were obtained were positive with all
four primer pairs (Table 2). Sequencing results for products
cloned from these reactions showed that both samples contain
sequences for these four gene targets that are identical to those
from F. tularensis strains available in the database. Primer sets
23kDaF/R, FopAF/R, and IsFtu2F/R all produced only se-
quences matching previously reported F. tularensis sequences
for these samples. In contrast, cloned sequences from soil
sample 034 PCR products were more variable with the
Tul4F/R primer pair.

Although a few clones in this library matched the sequence
of F. tularensis tul4 or differed at one position, most clones in
this library differed at seven positions from the database se-
quence. These are predicted to be silent mutations, indicating
that these sequences derived from tul4 homologues in this
sample. In addition, the FopAF/R primer set gave positive
PCR results with sample 027, suggesting lower specificity, since
in this sample only species group II was detected (Fig. 1).

FIG. 2. Maximum-parsimony phylogenetic tree of sdhA sequences
from Houston soil organisms and Francisella reference strains. Se-
quences representative of the types obtained from Houston soil clone
libraries (in red) are labeled with the sample name (soil samples 015 to
045) and sequence type (0.1, 0.2, and 0.3). Numbers in parentheses
indicate the percentage of clones with identical sequences obtained
from that sample. Sequences in black text are reference sequences
obtained in this study. F.t., F. tularensis. Numbers above branches
indicate the number of single-nucleotide sequence polymorphisms that
distinguish each group.
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Cloned sequences from these products were all identical and
differed by two bases from the F. tularensis sequence available
in the database, both predicted to be silent mutations.

DISCUSSION

This DNA-based survey identified three new bacterial
groups related to Francisella as well as potential new F. tula-
rensis and F. philomiragia subspecies in soil samples. It is evi-
dent from our analysis that each soil sample contained a mix-
ture of sequence types, potentially obtained from a variety of
strains or species in the sample. Unfortunately, since we are
analyzing a mixture of DNAs from many organisms rather than
from single isolates, it is not possible to correlate sequences
from different gene primer sets with individual strains. Overall,
however, our results indicate that a wide variety of previously
unknown types of Francisella are present in these samples,
some of which have the potential to be detected by assays
designed to be specific for F. tularensis.

F. tularensis has been divided into several subspecies based
on geographic distribution and disease potential. F. tularensis
subsp. tularensis (also known as biovar A) is considered the
most virulent type, and while human cases have been reported
only in North America, the pathogen has also been found in
Europe (20). F. tularensis subsp. holarctica (biovar B) causes
most cases of tularemia in Europe and also occurs in North
America and Japan. Although infection with this subspecies is
rarely fatal, it is nonetheless highly infectious and causes sig-
nificant morbidity in Europe. The other two described subspe-
cies, F. tularensis subsp. mediasiatica and F. tularensis subsp.
novicida, are most commonly isolated from areas of Central
Asia and in North America and Australia, respectively, and are
less commonly associated with human disease (36). Our results
suggest the existence of additional F. tularensis subspecies in
soil samples, the pathogenicity of which is unknown. Two clin-
ically significant isolates (Fx1 and Fx2) recovered from immu-
nocompromised patients in Galveston, Texas, and Liberty
County, Texas, were characterized as F. tularensis subsp. novi-
cida-like (Fig. 2) based on growth characteristics, extragenic
palindromic sequences, and specific biochemical tests (7). Al-
though these Texas isolates are distinct in sequence from those
recovered from the Houston soil samples, they emphasize the

existence of other unusual Francisella strains that can cause
disease in humans.

Francisella species are able to enter a viable but noncultur-
able state (15) and are particularly refractive to cultivation
from environmental samples (27). This has likely contributed
to our limited knowledge of their diversity, distribution, and
ecology. Using a DNA-based survey in place of cultivation, we
have identified genes suggesting the presence of several new
Francisella species. Our results support the observation made
with cultured isolates that Francisella species are very diverse
(12), but the natural reservoirs for this diverse group of species
remain largely unknown (15). This is the first report of the
recovery of Francisella DNA sequences from soil samples. In a
parallel analysis of soil samples from Denver, Colo. (not
shown), we have obtained additional sequences that cluster
with the novel group II (Fig. 1), suggesting that some of these
new groups may indeed be widespread in the environment.
Continued DNA-based survey of soil and other environmental
samples, coupled with continued culture attempts from these
natural sources, will help define the distribution, ecology,
transmission, and pathogenicity of the new groups of Fran-
cisella described here.

As a result of increased concern over terrorist use of agents
such as F. tularensis, sensitive PCR-based monitoring systems
have been developed and deployed to detect the presence of
pathogens in environmental samples (25). In addition, high-
resolution DNA-based strain typing systems are being devel-
oped to provide platforms for epidemiologic and bioforensic
analyses (5, 12, 23, 32). The ability of these approaches to
differentiate an agent introduced in a bioterrorist attack from
naturally occurring strains requires an extensive understanding
of the diversity and distribution of the organism and its related
species that share genetic traits. This is especially true for the
Francisella group. Francisella species inhabit a wide variety of
ecological niches. Species sharing considerable genetic similar-
ity to human and animal pathogens are free-living or are sym-
bionts or pathogens of invertebrates such as insects and amoe-
bae (19, 20) that may not be associated with human disease.
Even within the F. tularensis group, isolates representing the
different subspecies are very similar in genomic characteristics
but display a wide range of pathogenicity characteristics.

Currently, little is known about the mechanisms of Fran-

TABLE 2. Clone sequencing results for primer sets used in this study

Sample source/
type

Sample
no.

16S rRNA primer(s)
(no. of groups

detected)a,d

sdhA primers
(no. of sequence

types)b,d

% Identityc with E. tularensis-specific primerd

Tul4 FopA ISFtu 23kDa

Houston/soil 034 I, IV (46) 2 (12) 92–100 (33) 100 (27) 100 (39) 100 (46)
Houston/soil 039 I, III (44) 2 (11) 100 (27) 100 (38) 100 (38) 100 (46)
Houston/soil 005 III (47) — — — — —
Houston/soil 013 III (34) — — — — —
Houston/soil 015 III (41) 1 (11) — — — —
Houston/soil 027 II (46) 1 (11) 97 (42) — —
Houston/soil 045 V (42) 2 (11) — — — —
Houston/water 195 F.phil. (11) n.t. n.t. n.t. n.t. n.t.

a Phylogenetic groups I to V of Fig. 1. F.phil., sequences were identical to that of F. philomiragia (ATCC 25015).
b —, no detectable product obtained from these samples; n.t., not tested.
c Percent identity of sequences obtained from each sample to F. tularensis target gene sequences, as determined by BLAST analysis.
d Numbers in parentheses are total numbers of sequences analyzed.
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cisella virulence (34), but comparison with nonpathogenic en-
vironmental isolates may shed light on this area. Further DNA-
based studies of environmental samples using the methods
described here should enhance our ability to identify and char-
acterize new strains and species of Francisella. Isolation and
characterization of environmental isolates will contribute sig-
nificantly to the development of more specific and informative
assays for pathogen detection and forensics, as well as for
monitoring epidemiology and environmental sources of natu-
ral outbreaks of tularemia.
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30. Sjöstedt, A., U. Eriksson, L. Berglund, and A. Tärnvik. 1997. Detection of
Francisella tularensis in ulcers of patients with tularemia by PCR. J. Clin.
Microbiol. 35:1045–1048.

31. Swofford, D. L. 2001. PAUP*: Phylogenetic analysis using parsimony (*and
other methods), 4th ed. Sinauer Associates, Sunderland, Mass.

32. Thomas, R., A. Johansson, B. Neeson, K. Isherwood, A. Sjöstedt, J. Ellis, and
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