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It is critical to avoid delays in detecting strain manipulations, such as the addition/deletion of a gene or modification
of genes for increased virulence or antibiotic resistance, using genome analysis during an epidemic outbreak or a
bioterrorist attack. Our objective was to evaluate the efficiency of genome analysis in such an emergency context by
using contigs produced by pyrosequencing without time-consuming finishing processes and comparing them to
available genomes for the same species. For this purpose, we analyzed a clinical isolate of Francisella tularensis
subspecies holarctica (strain URFT1), a potential biological weapon, and compared the data obtained with available
genomic sequences of other strains. The technique provided 1,800,530 bp of assembled sequences, resulting in 480
contigs. We found by comparative analysis with other strains that all the gaps but one in the genome sequence were
caused by repeats. No new genes were found, but a deletion was detected that included three putative genes and
part of a fourth gene. The set of 35 candidate LVS virulence attenuation genes was identified, as well as a DNA
gyrase mutation associated with quinolone resistance. Selection for variable sequences in URFT1 allowed the design of
a strain-specific, highly effective typing system that was applied to 74 strains and six clinical specimens. The analysis
presented herein may be completed within approximately 6 wk, a duration compatible with that required by an
urgent context. In the bioterrorism context, it allows the rapid detection of strain manipulation, including
intentionally added virulence genes and genes that support antibiotic resistance.

[Supplemental material is available online at www.genome.org.]

The availability of whole-genome sequences is revolutionizing
the fields of bacteriology and infectious disease. By mid-2007,
479 bacterial genomes from 352 distinct species had been se-
quenced, including representative strains of all notable human
pathogens (Fournier et al. 2007). With the increasing capacity of
nucleotide sequencing over the last decade, complete bacterial
pathogen genome sequencing has allowed, from the description
of a unique bacterial genome, the understanding of genome or-
ganization and metabolic pathway analysis, and has facilitated
the comparison of multiple strains to identify determinants re-
sponsible for strain-specific pathogenicity (Beres et al. 2006; Diep
et al. 2006). This approach may include hypervirulent or multi-
resistant strains that eventually may be used as bioweapons or
that may cause epidemic outbreaks. From this perspective, the
rapid identification of new genes, gene loss, or gene modifica-
tions that would explain new virulence or antibiotic resistance,
and the identification of strain-specific sequences that would
make it possible to trace epidemics, is critical. Such comparisons
have been tentatively performed using microarray technology

(Broekhuijsen et al. 2003); however, this technique is not well
suited to the detection of small sequence variations and is unable
to detect added genetic material.

Nearly all bacterial genome sequences have been deter-
mined using the Sanger method followed by finishing. This
method, though effective, is time-consuming, and time is critical
in the event of either an epidemic outbreak or a bioterrorist at-
tack. Recently, pyrosequencing technology for nucleic acids
(Ronaghi et al. 1996, 1998) and its use to large scale, which offers
a ∼100-fold increase in throughput over current Sanger sequenc-
ing technology, was described (Margulies et al. 2005). This tech-
nology allowed the sequencing of the small genome of the bac-
terium Mycoplasma genitalium in only 4 h with 96% coverage and
99.96% accuracy (Margulies et al. 2005). It can thus quickly se-
quence the complete genome, without the need for cloning, of
any emerging or epidemic pathogen. However, pyrosequencing
technology does not avoid fastidious and time-consuming fin-
ishing procedures to determine the complete genome sequence.
Our objective was to determine if the quality of incomplete ge-
nomic sequences (i.e., quality of contig sequences without fin-
ishing) from pyrosequencing technology is sufficient for per-
forming reliable comparative analysis and determining the gene
repertoire of bacterial genomes in an urgent context that requires
speedy results, such as an epidemic outbreak or bioterrorist attack.
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A locally isolated clinical strain of Francisella tularensis hol-
arctica was used as a paradigm for this evaluation as (1) it is a
highly virulent bacterium developed in the past to be used as a
bioweapon (Dennis et al. 2001); (2) it was previously tentatively
manipulated, as it is easy to transform (Hodges and Penn 2005);
(3) four other complete genomes of different F. tularensis subspe-
cies, including one with reduced pathogenicity in humans (LVS),
are available for comparison (F. tularensis tularensis SCHU S4,
GenBank accession no. AJ749949; F. tularensis holarctica LVS,
GenBank accession no. AM233362; F. tularensis holarctica
FSC200, GenBank accession no. AASP00000000; F. tularensis hol-
arctica OSU18, GenBank accession no. CP000437); and (4) we
have a quinolone-resistant strain with a mutation in the DNA
gyrase A gene (strain URFtCIPR). These four previously se-
quenced genomes are very closely related; the estimated genetic
variation between the vaccinal LVS and the virulent OSU18 ge-
nomes is 0.11%, and that between LVS and the virulent SCHU S4
is 0.7% (Rohmer et al. 2006).

The genome of the URFT1 strain was sequenced using py-
rosequencing technology without finishing. This strain was iso-
lated from the lymph node of a patient with oculo-glandular
tularemia (Supplemental Fig. S1) and was identified as a member
of the holarctica subspecies (Fournier et al. 1998). Bioinformatics
and molecular analysis were performed to map contigs to four
Francisella genomes in order to identify gene gain and/or loss,
gene polymorphism that may influence pathogenicity or antibi-
otic resistance, and to genotype the strain for its comparison with
a collection of Francisella strains using Multi Spacer Typing
(MST). Herein, we showed that pyrosequencing technology
quickly generated high-quality sequences of the genome of the F.
tularensis strain URFT1. We were able to map 143 full-length
contigs, covering 92.7% of four other F. tularensis genomes. The
gaps obtained between contigs corresponded to repeated geno-
mic regions except one, which corresponded to the loss of three
ORFs and part of a fourth. Coverage and quality of sequences
allowed the identification and comparison of 35 putative candi-
date virulence genes responsible for virulence attenuation in LVS

(Rohmer et al. 2006) and the DNA gyrase
gene in URFT1 contigs. This gene and its
mutation, which renders the URFtCIPR
strain resistant to quinolone, was de-
tected after its introduction among Rick-
ettsia DNA, showing that pyrosequenc-
ing technology allows the detection of
single nucleotide variations. Finally,
URFT1 contigs contributed to the selec-
tion of highly variable spacer sequences,
making it possible to distinguish this
virulent strain from 80 F. tularensis hol-
arctica strains. This strain-based typing
method was even more discriminatory
for this purpose than the reference Mul-
tiple-Locus Variable-Number Tandem
Repeat Analysis (MLVA) method. As the
time to obtain such results would be
critical in the context of either an epi-
demic outbreak or a bioterrorist attack,
the complete time schedule needed from
the extraction of DNA to the end of se-
quence analysis is also detailed in this
study (Fig. 1).

Results

Sequencing of the URFT1 genome and comparison to other F.
tularensis genomes

After the completion of two GS20 runs, the pyrosequencing of
the virulent F. tularensis URFT1 genome gave a total of
49,836,703 high-quality (HQ) bases and a total of 491,998 HQ
reads (HQ/Key Pass = 66.59%–67.23%; Mix + Dots/Key
Pass = 15.7%, quality score of Q40). The average length of reads
was 101 nucleotides (nt). The average depth of coverage was
26�. There were 471,628 assembled reads with 1,800,530 as-
sembled bases resulting in 480 contigs with sizes ranging from 81
to 46,278 bp, and 4885 singletons were found. Comparative ge-
nomic analysis between these contigs and complete virulent as
well as avirulent F. tularensis genomes made possible the map-
ping of 143 and 142 contigs (with sizes ranging from 605 to
46,278 bp) to the LVS and OSU18 genomes as well as to the
SCHU S4 and FSC 198 genomes, respectively, using PROJECTOR
and MUMmer tools (Table 1; Fig. 2; Supplemental Fig. S2). The
mapped contigs covered a size of ∼92.7% of the genome of either

Figure 1. Major steps and timeline followed for the preparation, pyrosequencing, and analysis of the
URFT1 genome. This is calculated on the basis of the work done by one technician or scientist at each
step.

Table 1. Mapping F. tularensis holarctica URFT1 contigs (480) to
four Francisella GenBank genomes

URFT1 contigs

Subspecies
holarctica

Subspecies
tularensis

LVS OSU18 SCHU S4 FSC 198

Mapped (605–46,278 bp) 143 143 142 142
With RepeatMasker

(Nucmer) 138 (+5) 137 (+6) 137 (+5) 136 (+6)
Without RepeatMasker

(Nucmer) 135 (+8) 135 (+8) 133 (+9) 132 (+10)
Not mapped (81–425 bp) 337 337 338a 338a

BLASTN vs. genomes 158 154 151 151
BLASTN vs. nr DB 150 (29) 152 (31) 150 (37) 150 (37)

aThe number includes contig 00391, which is 3341 bp in size.
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LVS (1,895,994 bp) or OSU18 (1,895,727 bp). One contig (num-
ber 00398) matched three genes at the start and at the end of the
circular LVS genome sequence (see GenBank annotation), sug-
gesting that the URFT1 genome may also be circular. The map-
ping contigs were also slightly influenced by the bioinformatics
tool used. Indeed, we found more mapped contigs with than
without the use of the RepeatMasker algorithm (e.g., 138 vs. 135
and 137 vs. 133 for LVS and SCHU S4, respectively). Other con-
tigs (5–10 in parentheses in Table 1) were not mapped using the
PROJECTOR tool, but they showed significant matches using the
NUCmer algorithm.

On the other hand, a total of 377 short remaining contigs
(81–425 bp) were rejected by the bioinformatic tools used for the
four Francisella genomes. However, using BLASTN analysis (E-
value = 10�4), a first subset of contigs (i.e., 154–158) showed
complete or partial matches with Francisella genomes and corre-
sponded mainly to previously mapped contigs (Fig. 2). The sec-
ond remaining subset of contigs (i.e., 179–187, except 29–37,
which matched mainly Francisella sequences) did not match the
nr sequence database. These contigs resulted from only two to
nine sequencing reads and suggested that they may correspond
to sequencing errors. The last contig (number 00391), which was
3341 bp in size and resulted from 914 reads, did not match any
F. tularensis tularensis genomes, but matched those of F. tularensis
holarctica.

To further compare URFT1 contigs with other Francisella ge-
nomes, we identified the LVS genes that are present within the
gaps between the 143 mapped contigs. A total of 93 gaps were
counted, and the corresponding genes in the LVS genome are
listed in Supplemental Table S1. All of these LVS genes were

found to be absent or only partially
matched the contigs and corresponded
mainly to repeated genes, operons, or el-
ements. For example, only one URFT1
rRNA operon was identified among the
three Francisella rRNA operons. How-
ever, one gap (number 49), identified in-
side contig 399 (Supplemental Table S1),
corresponded to three consecutive genes
in the LVS genome (FTL_1081 ,
FTL_1082, and FTL_1083). This region
was also found to be present in the three
other F. tularensis strains examined after
BLASTN analysis. To confirm the pres-
ence of this gap in the URFT1 genome,
we performed PCR amplification and se-
quencing using primers designed to sit
upstream and downstream of this gap.
The sequence of the PCR product
showed a size of 557 bp in the URFT1
genome, whereas it corresponded to
2252 predicted bp in the LVS genome
(Supplemental Fig. S3). Sequence com-
parison of this URFT1 product against
the LVS genome showed the presence of
only two contiguous genes, FTL_1080
and FTL_1084, separated by a 204-bp in-
tergenic spacer. Moreover, we observed
that the 5� end of the gene FTL_1084
was truncated by 184 bp. Thus, we con-
firmed the deletion of 1695 bp in the
URFT1 genome, which included three

genes, a fragment of a fourth, and intergenic spacers of the Fran-
cisella genomes.

Analysis of LVS attenuation candidate genes in URFT1

The URFT1 contigs obtained from pyrosequencing contained ho-
mology with all 35 of the candidate genes putatively responsible
for LVS attenuation in the virulent URFT1 strain (Table 2). Of
these, 30 URFT1 genes presented differences previously identified
between the avirulent LVS strain and the virulent strains OSU18,
SCHU S4, and U112. However, five candidate genes, i.e., a pilus
assembly protein, a transcriptional regulator protein, desoxyribi-
dipyrimidine photolyase, a hypothetical protein, and a metal ion
transporter protein (FTL_0391–FTL_0392, FTL_0062, FTL_0341–
FTL_0342, FTL_0997a, and FTL_1697–FTL_1698) were 100%
similar between the virulent URFT1 and the avirulent LVS
strains, but were different between the virulent URFT1 strain and
the virulent OSU18, SCHU S4, and U112 strains.

Detection and analysis of a F. tularensis quinolone resistance
gene and its mutation

The gyrase A gene, which contains the mutation associated with
quinolone resistance or sensitivity in the URFtCIPR and URFT1
strains, respectively, was identified in URFT1 contigs. In addi-
tion, among the assembled contigs obtained in the Rickettsia py-
rosequencing run with the 3-kb PCR product that frames the gyrA
gene of the URFtCIPR strain, two contigs of 176 bp and 101 bp
contained the gyrA sequence and the point mutation associated
with quinolone resistance (C to T transition at position 524 of
gyrA) (Supplemental Fig. S4).

Figure 2. Mapping F. tularensis holarctica URFT1 contigs on LVS genome. Circles are (from inner to
outer sides) contigs with sizes ranging from 81 to 425 bp, contigs with sizes of 605–46,278 bp (URFT1
strain), rRNA operons, and CDSs (LVS strain).
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Table 2. Loci in LVS for which a nonsynonymous mutation has been detected by comparison to other sequenced strains of F. tularensis as
done by Rhomer et al. (2006)

ORF locus taga Predicted product Mutation
Effect of mutation on protein

translation LVSb
Virulent
strainsb URFT1b,c

FTL_039 Hypothetical membrane protein SNP G68R P A A
FTL_0101–FTL_0102 Cl�:H+ antiporter 1-bp deletion 107-amino-acid chimeric protein

resulting from a frameshift
mutation

P A A

FTL_0168 Hypothetical membrane protein 1-bp insertion 15-amino-acid chimeric protein
resulting from a frameshift
mutation

P A A

FTL_0180 Acyltransferase SNP I164S P A A
FTL_0391–FTL_0392 Pilus assembly protein pilA 0.5-kb deletion 55-amino-acid chimeric protein

resulting in the fusion of two
ORFs

P A P

FTL_0439 Hypothetical protein 1.5-kb deletion 551-amino-acid chimeric protein
resulting from gene fusion

P A A

FTL_0806 Amino acid transporter family protein SNP F219V P A A
FTL_1066 Fumaryl acetoacetate hydrolase family

protein
SNP R82I P A A

FTL_1141 3-Oxoacyl-(acyl carrier protein)
synthase III

SNP N297H P A A

FTL_1246 Conserved hypothetical protein SNP V144F P A A
FTL_1517 Hypothetical protein SNP A79V P A A
FTL_1521 Chitinase family 18 protein 12-bp insertion Additional NNDQ repeat at

position 658
P A A

FTL_1611 Glycosyltransferase, group2 family
protein

SNP Q80L P A A

FTL_1773 Conserved hypothetical protein 90-bp deletion 30-amino-acid truncation,
positions 132–262

P A A

FTL_1860 Phosphoribosylformylglycinamidine
synthase

SNP T1038I P A A

FTL_0062 Transcriptional regulator SNP E68 (position in predicted
FSC200 ORF), protein
truncated by 163 amino acids

P A P

FTL_0108 Major facilitator superfamily transport
protein

SNP I248V P A A

FTL_0171 Tetrapyrrole methyltransferase family
protein

SNP L220I P A A

FTL_0212 Hypothetical protein 1-bp insertion 308-amino-acid chimeric protein
resulting from a frameshift
mutation at position 305 in a
variable region

P A A

FTL_0341–FTL_0342 Desoxyribidipyrimidine photolyase SNP G143V P A P
FTL_0381 Conserved hypothetical

transmembrane protein
SNP L14F P A A

FTL_0524a Hypothetical protein SNP V65F P A A
FTL_0847 Preprotein translocase family protein SNP A26S P A A
FTL_864 Predicted sugar isomerase SNP T2K P A A
FTL_0997a Hypothetical protein SNP T36 (position in predicted

FSC200 ORF), protein
truncated by 232 amino acids

P A P

FTL_1242 ThiJ/Pfpl family protein SNP D46N P A A
FTL_1265 2-Amino-4-hydroxy-6-

hydroxymethyldihydropteridine
pyrophosphokinase/dihydropteorate
synthase

SNP D232N P A A

FTL_1291–FTL_1292 Conserved hypothetical protein SNP Q106, protein truncated by 222
amino acids

P A A

FTL_1325 Hypothetical protein SNP T786N P A A
FTL_1408 Chitin binding protein SNP S192I P A A
FTL_1552 Hypothetical membrane protein SNP A233T P A A
FTL_1619 Conserved hypothetical membrane

protein
SNP T141K P A A

FTL_1697–FTL_1698 Metal iron transporter 2-bp deletion 25-amino-acid chimeric protein
resulting from a frameshift
mutation

P A P

FTL_1731 licB-like transmembrane protein SNP S12F P A A
FTL_1959 Conserved hypothetical protein SNP H7Q P A A

aLocus tag according to LVS genome annotation.
b(P) Present; (A) absent.
cIn the last column, the status of these mutations in the genome of strain URFT1 is indicated.
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Discrimination of Francisella subspecies and strains based
on MST (Multi Spacer Typing) comparative genomics

The comparison of URFT1 intergenic regions (spacers) with those
of the avirulent LVS and virulent SCHU S4 strains of F. tularensis
strains allowed the identification of 245 variable spacers with a
size �250 bp present in the three F. tularensis genomes. Among
these, eight highly variable spacers were selected (S1–S8, Table 3).
These intergenic spacers enabled discrimination between 76
strains of F. tularensis holarctica (74 Swedish clinical isolates, LVS
and URFT1) as well as the single strain of F. tularensis tularensis
(SCHU S4) into 16 (S1), six (S2), three (S3), two (S4), two (S5), two
(S6), three (S7), and two (S8) genotypes. When combining the
most polymorphic spacers, S1–S4, Francisella strains were distin-
guished into 27 MST genotypes (Table 4). The spacers S1–S4 were
also amplified in five out of six clinical samples using the de-
signed primers. This allowed the detection of an additional ge-
notype with spacer S1 in one clinical sample, leading to the iden-
tification of 27 MST genotypes within F. tularensis holartica. The
SCHU S4 strain, i.e., a member of F. tularensis tularensis, alone
showed MST genotype 28 and was distinguished from all F. tu-
larensis holartica materials. The MLVA method also enabled the
categorization of the 76 strains of F. tularensis holarctica (URFT1,
LVS, and 74 Swedish clinical isolates), the five our of six clinical
samples, and the single strain of F. tularensis tularensis (SCHU S4)
into only 20 genotypes after a combination of the six VNTR loci
(Fig. 3). Each intergenic spacer discriminated the SCHU S4 strain
from the 76 strains of F. tularensis holarctica, whereas only three
VNTR loci (Ft-M3, Ft-M21, and Ft-M22) can do that.

Phylogenetic trees obtained from the MST genotypes using
the Neighbor-Joining (Fig. 3) and Maximum Parsimony (data not
shown) methods on S1–S4 concatenated spacer sequences
showed similar clustering. However, the phylogenetic trees rep-
resented by MLVA genotypes exhibited some differences com-
pared with the MST trees, especially for SCHU S4, which was
not separated from the holarctica strains. However, the separation
of strains into clusters was nearly identical for both methods
(Fig. 3).

Discussion

In clinical microbiology, most of the major human bacterial
pathogen genomes (either complete or unfinished), including
the F. tularensis species, have already been sequenced. In both
clinical and bioterrorism contexts, the identification of genes

added, either intentionally or naturally, and of genes associated
with virulence or antibiotic resistance should be rapidly per-
formed. These genes can be compared with microbial genomes
available in general and specialized databases, which suggests
that finishing the assembly of the microbial genome is not a
priority for such emergency situations. The recent development

Table 4. Results of MST performed on DNA from strains URFT1,
LVS, 74 Swedish clinical isolates, and five clinical samples

Strain DNA (n)

Spacer genotypes MST genotypes

S1 S2 S3 S4 S1 + S2 + S3 + S4

3 1 1 3 1 1
1 (LVS) 1 3 3 1 2
1 (URFT1) 2 6 3 1 3

16 3 5 3 1 4
1 4 1 3 1 5
1 4 1 3 1 5

16 5 1 3 1 6
4 5 1 3 1 6
3 5 1 3 2 7
1 5 2 3 1 8
2 6 1 3 1 9
1 6 3 3 1 10
6 7 3 1 1 11
1 7 3 1 2 12
1 8 1 2 1 13
2 8 1 3 1 14
2 8 3 1 1 15
2 9 1 3 1 16
1 9 4 3 1 17
3 10 3 1 1 18
2 11 1 3 1 19
2 12 1 3 1 20
1 13 1 3 1 21
1 14 1 3 1 22
2 15 5 3 1 23
1 16 1 3 1 24
1 16 3 1 1 25
1 17 3 3 1 26
1 17 1 3 1 27
1 (SCHU S4) 18 7 4 3 28

GenBank accession numbers for spacer types are as follows: S1: 1,
EF175177; 2, EF175178; 3, EF175179; 4, EF175180; 5, EF175181; 6,
EF175182; 7, EF175183; 8, EF175184; 9, EF175185; 10, EF175186; 11,
EF175187; 12, EF175188; 13, EF175189; 14, EF175190; 15, EF175191;
16, EF175192; 17, EF175193; 18, EF175194; S2: 1, EF175195; 2,
EF175196; 3, EF175197; 4, EF175198; 5, EF175199; 6, EF175200; 7,
EF175201; S3: 1, EF175202; 2, EF175203; 3, EF175204; 4, EF175205; S4:
1, EF175206; 2, EF175207; 3, EF175208.

Table 3. Summary information of the eight intergenic spacers and the primers used for amplifying and sequencing these spacers

Spacer namea
Spacer position
on the genomeb

Spacer
size

(bp)b

PCR
product

size (bp)b Forward primer Reverse primer

ORF ftt0293-ORF ftt0295 (S1) 308543–308903 361c 430 CCACCTGGATCATCATCTATCA GACCAGATTTTGAGGATGCAA
ORF ftt0888c-ORF ftt0889c (S2) 897517–898013 497c 594 GGGTTGATACACAGGTCAATTTC ATGTCCCACACACTTGCTCA
ORF ftt0747c-ORF ftt0748 (S3) 769949–770327 379 660 TGATAATTTTTGCGCGGATT TTTGTACTGTAGAGCGCGGTAA
xthA-ORF ftt0960 (S4) 971619–971901 283 500 TGGGCTTTTGTTTCTTGCAT TAAACATCGCCTTTCGGTTG
fabF-suhB (S5) 1425164–1425586 423c 505 CCAAAAATAATTGCGGCTTT TCTTTAGCTTCGGTGGTGCT
ORF ftt1175cORF ftt1177c (6) 1191774–1192370 597c 700 TCTTGACCACTACTGATAGCATCT TGAGCTTAGAAGGCGAATACAA
ORF ftt1187-ORF ftt1188 (7) 1203246–1203516 271 425 TGTATTGCCTAGTCATTTGATGG TCCATGTGATAACATTTGTATGTGAA
htpG-isftu1(8) 357039–357361 323 562 TGGTGCAGAAGCTTAAAAATGA TCTAAGCTGATTGAAATAGCCAAT

aIntergenic spacer designations consist of the name of the 5�-ORF-the name of the 3�-ORF.
bThe position of the spacers on the genome, the spacer sizes, and the PCR product sizes were deduced from F. tularensis SCHU S4 strain (GenBank
accession no. NC006570), but may vary with different strains.
cPart of a complete intergenic spacer.
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of the pyrosequencing technology has both great promise and
pitfalls. The short lengths of the sequences obtained (∼100 bp)
makes the presence of repeated regions above this size an ob-
stacle to the molecular closing of the genome. In the case of
isolates of the same species that have already been sequenced,
and when only gene content is useful, we speculate that repeated
regions may not be a constraint for the detection of important
genes, avoiding time-consuming closing. Our study evaluated
the recent pyrosequencing technology in the rapid sequencing of
a virulent strain URFT1 of F. tularensis holarctica and in the qual-
ity as well as the coverage of genome contigs by a comparative
analysis with known Francisella genomes. The genome was se-
quenced without cloning and was thus analyzed without trying
to close the area between contigs as is usually done for genome
comparison (Chen et al. 2007). Pyrosequencing using GS20 with-
out closing the molecule for comparison was previously tested on
a Helicobacter pylori isolate, a bacterium responsible for chronic
gastric infection, and was suggested as a new approach to study-
ing genetic changes in this species over time or between infected
humans according to their evolution (Oh et al. 2006).

We found that contigs of the virulent strain URFT1, ob-
tained by pyrosequcing, covered ∼92.7% of the avirulent LVS and
the virulent SCHU S4 genomes. All major contigs (143–142) gave
significant matches and were mapped to the avirulent LVS ge-
nome, as well as to the virulent OSU18, SCHU S4, and FSC198
genomes. Another URFT1 contig contained genes corresponding
to the beginning and the end of the LVS genome, indicating that
the URFT1 genome is circular, as are other Francisella genomes.
However, several gaps were observed between URFT1 contigs.
This result did not influence the detection of the important genes

within the Francisella genomes. Indeed,
as expected from the previously se-
quenced F. tularensis genome (Larsson et
al. 2005), most of the gaps corresponded
to repeated regions, such as rRNA and
transposases, whereas a single gap corre-
sponded to three nonrepetitive genes, a
fragment of a fourth, and intergenic
spacers of the LVS genome that were
demonstrated to be absent in the URTF1
genome (Supplemental Table S1; Supple-
mental Fig. S3). These results indicated
that all Francisella genes were identified
in our study and shows that not com-
pleting the Francisella genome did not
influence the detection of important
genes within, such as candidate viru-
lence attenuation genes or resistance
genes, as discussed below. Moreover, the
URFT1 strain showed a single contig that
distinguished F. tularensis holarctica ge-
nomes (strains LVS and OSU18) from
the genomes of F. tularensis tularensis
(strains SCHU S4 and FSC198). This bio-
marker could be used for epidemiologi-
cal tracing of F. tularensis holarctica
strains.

Another aim was to determine if
pyrosequencing gives genomic se-
quences of comparable quality to those
produced by Sanger sequencing, in order
to enable detection of single nucleotide

polymorphisms. To address this issue, we focused our analysis on
a set of 35 genes previously identified by Rhomer et al. as possibly
being responsible for the reduced virulence of the LVS strain
(Rohmer et al. 2006). In a multiple sequence comparison of the
35 LVS gene sequences between avirulent LVS and other virulent
F. tularensis genomes including URFT1, the URFT1 sequences of
30 out of 35 genes was 100% similar to that of virulent strains.
However, for five genes, we observed exactly the same sequences
for both avirulent LVS and virulent URFT1. Among these five
genes, polymorphisms in four (FTL_0062, FTL_0341, FTL_0997a,
and FTL_0698) were stated as being unlikely to be responsible for
causing loss of virulence by comparison with other F. tularensis
genomes. They were predicted neither to affect the normal func-
tion of genes nor to cause a gain of function in genes that are not
functional in virulent strains (Rohmer et al. 2006). By adding
sequence data from an additional virulent strain, our results con-
firm that the modification of these four genes likely does not
account for the virulence attenuation in LVS. The fifth candidate
identified as being identical between LVS and URFT1 was locus
FTL_0391–FTL_0392, which encodes a type IV pilus assembly
protein. This was among the most likely candidate for virulence
attenuation, as the 0.5-kb deletion was predicted to affect the
function of a gene that is functional in all virulent strains. More-
over, this locus was previously demonstrated in a murine model
to be associated with virulence attenuation for infection via a
peripheral route (Forslund et al. 2006). Finding the same deletion
in the URFT1 virulent strain is thus surprising. However, this
deletion has been occasionally observed in virulent strains, and
in those cases, the hypothesis is that the deletion in this gene
occurs during in vitro culture where there is no selection pressure

Figure 3. Neighbor-joining phylogenetic tree obtained from four concatenated intergenic spacer
sequences (S1, S2, S3, and S4) of 82 F. tularensis strains. Strains belonging to each MST genotype are
indicated within parentheses. On the right, genotypes delineated by using MLVA are indicated. Geno-
types that do not group the same strains when using both methods are indicated (red). (Arrows)
Repartition of strains according to the method used.
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to maintain this gene (Svensson et al. 2005). As URFT1 was sub-
cultured more than five times before it was produced for genome
sequencing, it is possible that such an in vitro deletion occurred.
In conclusion, the finding that the unique polymorphisms ob-
served in the 35 genes corresponded to previously described ones
confirms the quality of the sequences obtained with pyrose-
quencing technology.

In a specific pyrosequencing experiment combining frag-
ments of the gyrase A gene of the quinolone-resistant strain
URFtCIPR and a Rickettsia genome, we were able to detect not
only this gene among the Rickettsia contigs, but also its muta-
tions. This result indicated that pyrosequencing can detect intro-
duced (either intentionally or naturally) genes as well as their
mutations in microbial genomes, and thus could be useful in
the detection of a mutated strain that would be resistant to the
reference treatment for pneumonia, following exposure to
bioweapon agents (http://www.bt.cdc.gov/agent/tularemia/
tularemia-biological-weapon-abstract.asp#4). For the demonstra-
tion, it would have been better to determine the complete ge-
nome sequence of the quinolone-resistant strain rather than the
susceptible one. Unfortunately, we did not have the resistant
strain when we started the program. However, as we find it in-
teresting to evaluate the capability of pyrosequening technology
to detect the DNA gyrase gene mutations, we added fragments of
the amplifiate of this gene to the DNA extract of a Rickettsia. The
fragment supporting the mutation was thus treated as part of the
rickettsial genome and was retrieved in its assembly.

It is critical to demonstrate the clonal origin of a pathogen
during an outbreak. Comparing complete genomes is the ulti-
mate tool to identify strain-specific sequences. F. tularensis strains
show high genetic homogeneity, especially in the holarctica sub-
species. If several typing methods, such as Insertion Sequence
Probed RFLP (Thomas et al. 2003), macrorestriction using pulsed
field gel electrophoresis (PFGE) and amplified fragment length
polymorphism (Garcia Del Blanco et al. 2002), repetitive element
PCR, arbitrarily primed PCR (Johansson et al. 2000), and ribotyp-
ing (Grif et al. 2003) were eventually used for typing F. tularensis
subspecies, the results would lack high-resolution discrimination
between individual strains. Multilocus sequence typing (MLST)
failed to separate F. tularensis strains at the strain level (Johansson
et al. 2004b). Techniques based on the analysis of variable-
number tandem repeats identified F. tularensis at the strain level
and also identified epidemic strains (Farlow et al. 2001; Johans-
son et al. 2004a). This was based on 25 loci and allowed the
recognition of 120 genotypes among 192 strains. The F. tularensis
Multi Spacer Typing (MST) method used here is one we have
previously used to successfully type many human pathogens,
including the potential bioterrorism agents Yersinia pestis, Coxi-
ella burnetii, and Rickettsia sp. (Drancourt et al. 2004; Glazunova
et al. 2005; Zhu et al. 2005). The advantage of the method we use
here is that the typing system is designed in order to choose
polymorphic areas in the studied strains, and thus is likely to
separate it from all others. In this study, MST exhibited greater
discriminatory power and reasonable phylogenetic classification
for F. tularensis. We classified the F. tularensis holarctica DNA from
strains URFT1, LVS, 74 Swedish clinical isolates, and five clinical
samples into 27 genotypes, whereas MLVA represented by six
VNTR loci produced only 19 genotypes. Our strain had a unique
genotype. Moreover, MST allowed quick direct typing of clinical
samples without a culture step and allowed the identification of
an additional original genotype.

In conclusion, our work demonstrates that pyrosequencing

without finishing is a tool adapted for performing quick bacterial
genome sequencing in the context of a sudden outbreak or a
bioterrorist attack. If the 2 wk needed to obtain contigs cannot be
significantly shortened, the comparison with other genomes,
which depends on the number of computer scientists involved in
the project, may be reduced to the minimum time necessary. In
the present work, as mapping and BLAST comparison was the
most time-consuming task (4 wk), the time between DNA extrac-
tion and end of analysis could have been a total of 6 wk (Fig. 1).

Methods

F. tularensis strains
The strain of the subspecies holarctica used for genome sequenc-
ing was URFT1 (Fournier et al. 1998). Its quinolone-resistant mu-
tant (URFtCIPR) was also studied. The 74 additional isolates stud-
ied in the typing procedure were collected from Swedish patients
with suspected ulceroglandular tularaemia between 1995 and
2005. All of the isolates except two were from Middle Sweden
(defined as the region of Sweden between the city of Jönköping
in the south and the village of Sveg in the north); the other two
were from the northern part of Sweden. All 74 isolates were ob-
tained from wounds. Samples were collected from the ulcer by
use of a cotton swab, which was transported to the laboratory in
transport medium. Swabs were cultured on tul agar (Gaspar et al.
1961). Colonies suspected to be F. tularensis were isolated, con-
firmed by PCR, and stored at �70°C. Template DNA was pre-
pared using a commercial DNA extraction kit (QIAamp DNAmini
kit, Qiagen).

Clinical samples
Six swab samples collected from patients living in Middle Sweden
with suspected ulceroglandular tularaemia were first used to in-
oculate tul plates and later subjected to DNA extraction using a
commercial kit (NucliSens magnetic extraction protocol, Bio-
merieux).

DNA extraction of URFT1
The strain was grown on chocolate isovitalex agar, harvested, and
suspended in TE buffer. DNA was extracted according to the clas-
sical lytic treatment using SDS and proteinase K followed by phe-
nol isoamyl alcohol extraction. DNA was resuspended in TE
buffer and visualized on an agarose gel stained with ethidium
bromide.

Sequencing, assembly, and comparison to other F. tularensis
genomes
Genome sequencing of the URFT1 strain was performed using
pyrosequencing technology as previously described (Margulies et
al. 2005). The contigs were obtained from an assembly using the
Newbler software of the 454 Life Science Corp. suite package. The
contigs were considered for mapping to the four reference Fran-
cisella GenBank genomes: F. tularensis holarctica strains LVS
(NC_007880) and OSU18 (NC_008369), as well as F. tularensis
tularensis strains SCHU S4 (NC_006570) and FSC 198
(NC_008245). Mapping contigs against the published Francisella
genomes was performed using the PROJECTOR 2 software. As F.
tularensis genomes are full of repetitive IS elements (Larsson et al.
2005), we performed mapping with and without the RepeatMas-
ker algorithm, which is an option of this software (RepeatMasker
can filter automatically repetitive sequences to minimize incor-
rect mapping events) (van Hijum et al. 2005). For a comparative
analysis, the mapped and unmapped contigs were also subjected
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to alignment using NUCmer of the MUMmer 3.0 program (Kurtz
et al. 2004). The contigs that did not map with both tools were
then analyzed by the BLASTN algorithm (Altschul et al. 1997)
against the four Francisella genomes and/or the nonredundant
GenBank database to identify any homologs of other genomes.
Sequences of the contigs were deposited in GenBank under
Project ID 19645.

Gaps between mapped URFT1 contigs were numbered, and
their corresponding genes in the LVS genome were identified by
visual inspection of the map and/or confirmed by in silico BLAST
analysis. For a gap that was not later identified as a repeated gene,
operon, or element, we carried out a PCR reaction to check
whether it was a true gap or an artifact due to a mistake in se-
quencing or assembly in the URFT1 genome. To perform this, a
pair of primers was designed upstream and downstream of this
gap according to the LVS sequence, corresponding to a 2153-bp
predicted segment.

Analysis of a F. tularensis quinolone-resistant strain (URFtCIPR
isolate)
In vitro resistance was assessed in a blood agar plate containing a
disk of the antibiotic ciprofloxacin (Mast Diagnostics) using the
method previously reported for Bartonella henselae (Biswas et al.
2006, 2007). By using PCR amplification and sequencing of the
strain URFtCIPR isolate using primers (FtgyrAF, 5�-GTCATCATC
TATAAATATCG-3� and FtgyrAR, 5�-TTAATATATGACCCCGTA
GG-3�) targeting the QRDR (Quinolone-Resistant Determining
Region) of gyrase A, we have previously observed that a C to T
mutation at position 524 of the gene, which leads to a substitu-
tion of a threonine residue (T) at position 83 (Escherichia coli
numbering) of the protein with isoleucine (I), was associated
with the resistance of this strain to fluoroquinolone compounds
(J.M. Rolain, unpubl.). Two primers were designed according to
the available genome to frame this region and generate a 3-kb
PCR product (Ftgyr3000F, 5�-GCCATACATTACACCAGCTA-3�,
and Ftgyr3000R, 5�-GACAAGTCTGGAACTACAGC-3�) that was
resolved in a different run containing genomic DNA of a Rickett-
sia, without the URFT1 isolate, by pyrosequencing. After purifi-
cation, the amplicon was nebulized to a mean fragment size of
400 bp, end repaired, and adapter ligated according to the stan-
dard procedures described previously (Margulies et al. 2005). We
followed standard post-run bioinformatics processing on the
GS20-run assembly to determine contigs that passed various
quality filters. These contigs were used in our downstream analy-
sis. In particular, the known mutation was located using a BLAST
analysis of a nonmutated short sequence of the QRDR of gyrA
(GGTAAATATCACCCTCATGGAGATACAGCTGTTTACGATAC
TATTGTCAGA) directly on the contigs obtained during this run.

Status of LVS attenuation candidate genes in URFT1
In a recent study, Rohmer et al. (2006) identified a set of LVS
genes that may be responsible for the virulence attenuation of
this strain. This set was first downloaded from the NCBI database
as FASTA files, and then a BLASTN analysis was performed
against URFT1 contigs to identify their corresponding homologs.
To detect putative nucleic acid differences in sequences of each
gene between the avirulent LVS strain and the virulent Francisella
genomes (strains OSU18, SCHU S4, U112, and URFT1), multiple
sequence alignments were performed using the MUSCLE soft-
ware (Edgar 2004).

MST typing based on comparative Francisella genomes
To identify homologous multiple spacer sequences between Fran-
cisella genomes, we compared URFT1 genomic contigs to LVS

(subspecies holartica) and SCHU S4 (subspecies tularensis) ge-
nomes that we downloaded from the GenBank database in
FASTA format. We constructed two databases containing the in-
tergenic spacers of SCHU S4 and LVS with a size �250 bp. This
size was arbitrarily chosen in order to provide sufficient informa-
tion. These spacers were 308/1385 and 245/1666 of the Schu4
and LVS spacers, respectively. The 480 contigs from strain URFT1
were subsequently used as query sequences to search for their
corresponding homogenous sequences in the two spacer data-
bases by using BLASTN. Alignment between the three corre-
sponding spacer sequences was performed using the ClustalW
program (Thompson et al. 1994). Spacers selected for typing were
selected in four successive steps: (1) those flanked with conserved
DNA sequences of at least 50 bp at each extremity to allow the
design of consensus primers, (2) <600 bp in order to use the same
primer pair for amplification and sequencing, (3) at least two
polymorphic sites, and (4) the lowest similarity between each
other.

Phylogenetic analysis of the studied strains was performed
using the Neighbor-Joining and Maximum Parsimony methods
within the MEGA 3.1 software (Kumar et al. 2001). For this pur-
pose, sequences of the selected spacers were concatenated and
then subjected to multiple sequence alignment using the Clus-
talW software. To evaluate the discriminative power of the MST
method, we also compared this approach to the Multiple-Locus
Variable-Number Tandem Repeat Analysis (MLVA) method with
the six polymorphic VNTR loci, Ft-M3, Ft-M6, Ft-M20, Ft-M21,
Ft-M22, and Ft-M24 (Johansson et al. 2004).
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