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INTRODUCTION

Francisella tularensis is considered 
one of the most deadly bacterial agents 
by the Centers for Disease Control. Yet 
very little is known about the genetic 
basis of F. tularensis pathogenesis, 
primarily because of a historical 
lack of study of this organism. The 
development of quick and efficient 
techniques to genetically manipulate F. 
tularensis is critical for a deeper under-
standing of virulence mechanism(s), 
which in turn is necessary for the devel-
opment of effective vaccines against 
tularemia. F. tularensis subsp. novicida 
exhibits low virulence in humans and 
high virulence in mice, but its virulence 
mechanism(s) appear virtually identical 
to those employed by F. tularensis 
subsp. tularensis, which is highly 
virulent to humans. These F. tularensis 
subspecies are also extremely closely 
related at the genomic level, and thus F. 
tularensis subsp. novicida has emerged 
as a model to study the pathogenesis 
of the subspecies more virulent to 
humans. Recent advances in genetic 
manipulation have facilitated mutant F. 
tularensis strain construction, including 
transposon and insertional antibiotic 
cassette mutagenesis (1–3). However, 
these types of techniques tend to 
result in disruption of the expression 
of downstream genes within the same 
operon (i.e., polarity). Also, due to 

the random nature of transposition, 
this technique requires significant 
screening of numerous mutants to 
obtain the desired targeted mutation. 
We have optimized an effective way 
to make targeted mutations in F. tular-
ensis subsp. novicida that have charac-
teristics of nonpolar mutations.

MATERIALS AND METHODS

Bacterial Strains

Escherichia coli strain DH5α (4) 
was used for all cloning experiments, 
and F. tularensis subsp. novicida 
strain U112 (5) was used for strain 
construction. The F. tularensis subsp. 
novicida ΔiglC::ermC strain has been 
described previously (3).

Plasmid Construction for Antibiotic 
Resistance Genes

In order for the antibiotic resistance 
genes to be efficiently expressed in F. 
tularensis subsp. novicida, we cloned 
these genes behind the constitutively 
expressed F. tularensis subsp. novicida 
FTN1451 promoter (6). The FTN1451 
promoter was PCR-amplified with 
FpUpBglII and FpDnNdeI primers, 
digested with BglII and NdeI, and 
ligated into pET15b (Novagen, 

Madison, WI, USA) that had been 
similarly digested to form pKEK886; 
this construct has the FTN1451 
promoter in place of the T7 promoter. 
Then, the erythromycin, kanamycin, 
and chloramphenicol resistance genes 
(7–9) were amplified with ErmCFNdeI 
and ErmCRBamHI, KanFNdeI and 
KanRBamHI, and CATFNdeI and 
CATRBamHI, respectively. The 
three fragments were each cut with 
BamHI and NdeI and inserted into 
similarly digested pKEK886, resulting 
in pKEK887 (FpermC), pKEK898 
(FpKan), and pKEK923 (Fpcat), 
respectively.

Primer Design and PCR Conditions

Universal priming sites were 
designed from the backbone sequence 
of pET15b to facilitate amplification 
of any antibiotic resistance gene 
inserted between the two priming sites 
(i.e., in pKEK887, pKEK898, and 
pKEK923). The universal primers used 
to PCR-amplify the antibiotic resis-
tance genes are UniUp, 5′-TGCAT 
TAG G A AG C AG C C C AG TAG T-
3′ and UniDn, 5′-TTCCTTTCGG 
GCTTTGTTAGCAGC-3′. Comple-
mentary sequences were incorporated 
into the primers used to amplify the  
F. tularensis subsp. novicida flanking 
DNA regions necessary to construct 
the gene knockout. As an example, the 
sequences of the primers used to knock 
out the iglB gene (FTT1358, FTN1323) 
are described here. The upstream 
904-bp iglB flanking fragment was 
PCR-amplified with primers IglBUp1, 
5′-GAATTCGTCGACGTGTCTTAGC
AACTGTACCAGCTAGAGG-3′ (SalI 
site is in bold) and IglBUp2, 5′-ACTAC
TGGGCTGCTTCCTAATGCAGCGC
CATAAGGTTTCTAGCATTGTAGTC-
3′ (note the complementary sequence to 
UniUp is underlined). The downstream 
929-bp iglB flanking fragment was PCR-
amplified with primers IglBDn1, 5′-GC
TGCTAACAAAGCCCGAAAGGAAA
TCGAGGTTGAAACCATACCGGGT-
3′ (note the complementary sequence to 
UniDn is underlined) and IglBDn2, 5′-G
AATTCGTCGACGGCAAATAGCTT
GCGGTGCTTAAC-3′ (SalI site in bold). 
Chromosomal DNA from F. tularensis 
subsp. novicida U112 was utilized as the 
template in PCRs with IglB primers. PCR 
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conditions were 10 ng DNA, 5 μM each 
primer, 8 mM dNTPs, 5 μL 10× buffer, 
0.5 μL KOD XL DNA polymerase 
(Novagen) in 50 μL total volume. The 
PCR program utilized was 94°C 10 min; 
followed by 30 cycles of 94°C 60 s, 60°C 
80 s, and 72°C 110 s; and a final 72°C 
step for 10 min.

The three individual PCR 
fragments generated from primer 
combinations UniUp+UniDn (in this 
example we utilized the FpermC 
fragment amplified from pKEK887), 
IglBUp1+IglBUp2 (upstream 
fragment), and IglBDn1+IglBDn2 
(downstream fragment) were 
separated by agarose gel electropho-
resis and purified (Qiagen, Valencia, 
CA, USA). The template DNA for 
the splicing by overlap extension 
(SOE)-PCR was prepared by adding 
100 ng of each fragment into a 
mixture with a total volume of 10 
μL, then using 1 µL of this mixture 
for the PCR. PCR conditions for 
the SOE reaction were 1 μL three-
fragment DNA mixture, 5 μM each 
IglBUp1 and IglBDn2 primers, 8 mM 
dNTPs, 5 μL 10× buffer, 0.5 μL KOD 
XL DNA polymerase (Novagen), 
0.5 mM MgCl2, and 1% dimethyl 
sulfoxide (DMSO) in a total volume 
of 50 μL. The PCR program utilized 
was identical to that detailed in this 
section. The resulting fragment 
corresponding to the correct size of 
3008 bp was digested with SalI, then 
separated by agarose gel electro-

phoresis, purified, and ligated with 
pGEM-5Zf (Promega, Madison, WI, 
USA) digested similarly to form 
pKEK1118 (ΔiglB::ermC). The 
plasmid was sequenced to verify the 
construct was correct.

Francisella tularensis subsp. novicida 
Strain Construction

F. tularensis subsp. novicida 
strain U112 was grown at 37°C 
into tryptic soy broth plus (TSBP) 
media (40 g/L tryptic soy broth 
with 0.1% cysteine, 25% μg/mL ferrous 
sulfate, 25 μg/mL sodium pyruvate, 
and 25 μg/mL sodium metasulfite) 
to an approximate OD600 value of 
0.6−0.8. The culture was then pelleted 
and washed twice with cold water, then 
resuspended in cryo-transformation 
buffer (10% glycerol, 10 mM HEPES, 
pH 6.5, 0.1 M calcium chloride, and 
10 mM rubidium chloride). Two to ten 
micrograms of plasmid pKEK1118 
were added to cryo-competent cells, 
and the mixture was incubated in an 
ice bath for 30 min. The mixture was 
then flash-frozen in dry ice-ethanol 
bath for 5 min, then placed in a room 
temperature water bath for 5 min, and 
directly spread onto TSBP-agar plates 
with appropriate antibiotics (in this 
example, 100 μg/mL erythromycin). 
Plates were incubated at 37°C for 
48−72 h. Transformations typically 
yielded 100−1000 resistant colonies. 
Transformation can also be performed 

via electroporation (10); however the 
strain described here was constructed 
using cryo-transformation. PCR was 
performed on ErmR colonies with the 
primer pairs IglBFor and IglBRev; 
PCR was performed as described in 
the section entiled Primer Design and 
PCR Conditions, with the template 
prepared by scraping a small amount of 
colony, resuspending in 100 μL water, 
and performing PCR with iglB primers. 
The PCR product was subjected to 
restriction analysis with BglII and 
sequencing to confirm the presence of 
the ΔiglB::ermC mutation. The loss of 
the plasmid backbone was confirmed 
with primers specific for the pUC 
ori (present in pGEM-5Zf; primers 
pUCoriF and pUCoriR).

Western Immunoblot

Whole cell extracts of F. tular-
ensis subsp. novicida strains were 
separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and subjected 
to Western immunoblot utilizing 
goat polyclonal anti-IglC antibodies; 
detection was performed with the 
ECL™ detection kit (GE Healthcare, 
Piscataway, NJ, USA).

RESULTS AND DISCUSSION

We developed a relatively quick and 
efficient means to inactivate genes in F. 
tularensis subsp. novicida by optimized 
antibiotic resistance cassettes, 
optimized priming sites, and SOE-PCR. 
We constructed optimized antibiotic 
resistance cassettes by placing the 
genes for erythromycin, chloram-
phenicol, and kanamycin resistance 
under control of a strong constitutive 
F. tularensis promoter (FTN1451p). 
Each of these resistance cassettes was 
flanked by the same universal priming 
sites, and this facilitated the insertion 
of any of these resistance markers into 
the gene of interest.

The gene knockout construct was 
assembled by SOE-PCR (11,12). 
Fragments flanking the gene to be 
knocked out were first PCR-amplified 
with primers that also incorporate the 
universal priming sites. A minimum 
of 500-bp flanking homology was 

Figure 1. Construction of Francisella tularensis targeted mutations. (A) The splicing by overlap extension 
(SOE) technique. Universal primers (UniUp and UniDn) are used to PCR-amplify antibiotic resistance cas-
settes, while specific primers are used to PCR-amplify flanking regions of the gene to be inactivated, resulting 
in three individual fragments. The 3′ primer of the upstream fragment (iglBUp2) and the 5′ primer of the 
downstream fragment (iglBDn1) incorporate the universal priming sites. In an SOE-PCR, all three fragments 
are used as template with the outermost primers (iglBUp1 and iglBDn2). (B) The products of the individual 
and SOE-PCRs are shown: lane 1, 1-kbp ladder (Gibco BRL, Bethesda, MD, USA); lane 2, iglBUp1 + igl-
BUp2; lane 3, iglBDn1 + iglBDn2; lane 4, UniUp + UniDn amplifying FpermC; lane 5, SOE-PCR product.
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necessary for homologous recombi-
nation in F. tularensis subsp. novicida 
(3). As an example of this technique, 
we illustrate here the inactivation of 
the iglB gene (Figure 1). The PCR 
fragment upstream of iglB incorpo-
rated one of the universal priming 
sites at its 3′ end, while the PCR 
fragment downstream of iglB incorpo-
rated the other universal priming site 
at its 5′ end. These fragments were 
PCR-amplified separately in the first 
reaction, and the antibiotic cassette is 

also PCR-amplified separately with the 
universal primers. In a second PCR, 
all three fragments (iglB upstream, 
iglB downstream, and antibiotic 
cassette fragments) were added to the 
reaction at a ratio of 1:1:1 along with 
the outermost primers. Frequently, 
smaller amplified fragments could be 
visualized in the SOE reaction, but 
these could be ignored in favor of the 
fragment of the correct size.

The resulting fragment of the 
anticipated correct size (in this case 

3008 bp; see Figure 1) was then 
cloned into a vector; we utilized 
pGEM-5Zf, but any plasmid vector 
that fails to replicate in F. tularensis 
will suffice. Alternatively, the purified 
PCR fragment can be immediately 
transformed into F. tularensis subsp. 
novicida to achieve a gene knockout 
by homologous recombination (3), but 
because of the low yield of full-length 
product in PCR and the large amount 
of DNA necessary for transformation, 
we found it easiest to subclone this 
fragment into a vector prior to trans-
formation. The low GC content of F. 
tularensis DNA makes the primer 
design critical for SOE-PCR. We 
achieved the most consistent results 
by designing primers to regions with 
approximately 50% GC content, and 
an annealing temperature of at least 
60°C. It is also important to keep the 
optimal equivalent ratio for the three 
individual fragments (1:1:1) in order 
to achieve amplification of the full-
length fragment in the SOE-PCR. 
Occasionally the annealing temper-
ature needed to be reduced to 55°C to 
obtain full-length PCR product.

The full-length knockout construct 
(e.g., ΔiglB::ermC), either cloned into 
a vector or in the linear PCR fragment, 
is then transformed into the F. tular-
ensis subsp. novicida U112 strain via 
cryo-transformation (3) or electro-
poration (10). Transformed cells 
were then plated on media selective 
for the antibiotic resistance cassette 
within the knockout construct (in this 
case ErmR). Resistant colonies were 
screened by colony PCR with primers 
specific for the region being mutated, 
followed by restriction analysis for 
a BglII site (present in FpUpBglII), 
which was diagnostic for the correct 
construct. This analysis confirmed that 
the plasmid had integrated into the 
chromosome of all nine ErmR colonies 
screened (Figure 2A). Additional PCR 
analysis included primers for the ori 
of the vector, to determine whether 
the plasmid remained integrated in 
the chromosome (Figure 2B). With 
the majority of knockout constructs, 
we found that a second recombination 
occurred relatively rapidly and the 
plasmid vector was lost in approxi-
mately 30%−70% of colonies screened 
from the primary transformation plate 

Oligonucleotide Sequence (Restriction Sites are Underlined)

FpUpBglII 5′-GGGAGATCTTTTGGGTTGTCACTCATCGTATTTG-3′

FpDnNdeI 5′-CCCGGGCATATGTTTAGTCTCCTTTTTTTGTTA-3′

ErmCFNdeI 5′-GGAATTCCATATGAACGAGAAAAATATAAAAC-3′

ErmCRBamHI 5′-CGCGGATCCTTACTTATTAAATAATTTATAGCT-3′

KanFNdeI 5′-GGAATTCCATATGAGCCATATTCAACGGGAA-3′

KanRBamHI 5′-CGCGGATCCTTAGAAAAACTCATCGAGCATCAAATG-3′

CatFNdeI 5′-GGAATTCCATATGGAGAAAAAAATCACTGGATATACC-3′

CatRBamHI 5′-CGCGGATCCTTTAGTAAGCCGGATCCACGC-3′

UniUp 5′-TGCATTAGGAAGCAGCCCAGTAGT-3′

UniDn 5′-TTCCTTTCGGGCTTTGTTAGCAGC-3′

IglBUp1 5′-GAATTCGTCGACGTGTCTTAGCAACTGTACCAGCTAGAGG-3′

IglBUp2 5′-ACTACTGGGCTGCTTCCTAATGCAGCGCCATAAGGTTTCTAGCATTGTAGTC-3′

IglBDn1 5′-GCTGCTAACAAAGCCCGAAAGGAAATCGAGGTTGAAACCATACCGGGT-3′

IglBDn2 5′-GAATTCGTCGACGGCAAATAGCTTGCGGTGCTTAAC-3′

IglBFor 5′-GTCAGAAGAGTAAATAATGGTGT-3′

IglBRev 5′-GGCTCTATACTAATACTAAAAGC-3′

pUCoriF 5′-ATGTGAGCAAAAGGCCAGCAA-3′

pUCoriR 5′-CCGTAGAAAAGATCAAAGGATC-3′

Table 1. Oligonucleotides Used in This Study

Figure 2. PCR screen of ErmR colonies. Francisella tularensis subsp. novicida was transformed with 
pKEK1118 (ΔiglB::ermC) and ErmR colonies screened by PCR. (A) iglB primers IglBFor + IglBRev 
used in PCR (amplify 2420-bp fragment in wild-type strain, and 2382-bp fragment in correct construct), 
followed by BglII digestion of resulting fragment. BglII site present in antibiotic resistance cassette (in 
FpUpBglII as described in the Materials and Methods section) allows for diagnostic identification of 
ΔiglB::ermC construct with BglII digestion (1550- and 832-bp fragments); there is a natural BglII site 
within iglB gene, resulting in two fragments for the wild-type iglB region of different sizes following 
BglII digestion (1300- and 1120-bp fragments). Lane 1, 1-kbp ladder; lane 2, U112 (wild-type); lanes 
3–11, ErmR colonies 1−9. (B) pUC ori primers pUCoriF + pUCoriR used in PCR (amplify 673-bp pUC 
ori fragment). Lane 1, 1- kbp ladder; lane 2, pKEK1118; lanes 3–11, ErmR colonies 1–9.

A

B

iglB primers /
Bglll digestion

pUC primers



490 ı BioTechniques ı www.biotechniques.com Vol. 43 ı No. 4 ı 2007

Short Technical Reports

(in the example shown, three of nine 
ErmR colonies have already lost the 
plasmid; Figure 2B, lanes 4−6). As 
can be seen in the figure, only the 
ΔiglB::ermC pattern and not the wild-
type pattern could be detected in the 
ErmR colonies. With other constructs, 
additional growth in liquid media 
followed by plating on selective media 
and subsequent screening resulted in 
the identification of the correct mutant 
colonies. The deletion of the iglB 
gene in the ΔiglB::ermC mutants was 
confirmed by additional PCR analysis 
and sequencing, as well as phenotypic 
characterization (intramacrophage 
growth and mouse virulence).

The iglB gene lies within an 
operon (iglABCD), and disruption of 
this gene could lead to polar effects 
reducing or eliminating expression 
of the downstream genes. A ΔiglA::
ermC F. tularensis subsp. novicida 
mutation constructed by previously 
developed techniques (3) is polar on 
IglC expression, whereas the ΔiglB::
ermC mutation constructed by the 
techniques described here is not polar 
on IglC expression, as determined 
by Western immunoblot (Figure 3). 
Polarity is defined by an alteration 
of the expression of the downstream 
genes, thus the Western blot demon-
strates that the ΔiglB::ermC mutation 
does not appear to have polar effects 
on IglC expression. The salient 
difference between the iglA and iglB 
mutations is the presence of the F. 
tularensis promoter that drives the 
expression of ermC in the ΔiglB::ermC 
mutation; this promoter is absent from 

the ΔiglA::ermC mutation. Thus, 
the optimized technique described 
here to disrupt genes in F. tularensis 
subsp. novicida leads to insertion 
mutations that have the character-
istics of nonpolar mutations, which is 
important for the study of genes within 
multigene operons.

The general technique of optimizing 
antibiotic resistance gene cassettes and 
utilizing universal primers in optimized 
SOE PCRs to create gene knockout 
constructs is easily adapted for usage 
in many bacterial species, and we 
have used this technique successfully 
for gene knockouts in Vibrio cholerae 
as well. Due to the AT-rich nature of 
the F. tularensis promoter driving 
antibiotic resistance in the constructs 
described here, these cassettes are 
likely to be expressed at high levels 
in many bacterial species, but the 
antibiotic cassettes can be optimized 
for any bacterium by insertion of an 
appropriate promoter. Many bacterial 
species cannot efficiently utilize linear 
DNA for transformation and subse-
quent double homologous recom-
bination, and thus the assembled 
knockout construct would need to be 
cloned into a suicide vector suitable 
for that particular species. Because 
the knockout construct is assembled 
by PCR techniques using universal 
priming sites that flank multiple 
antibiotic resistance cassettes, we 
can easily and quickly construct 
the same knockout with different 
antibiotic resistances inserted (e.g., 
ΔiglB::ermC, ΔiglB::cat, ΔiglB::
kan) by simply mixing and matching 
the components during the SOE-
PCR. Since the assembly of the gene 
knockout proceeds by PCR techniques 
rather than subcloning, the technique 
described here dramatically decreases 
the time required to construct targeted 
gene knockouts in F. tularensis subsp. 
novicida, compared with previously 
described techniques (3).
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Figure 3. IglC Western immunoblot of 
Francisella tularensis subsp. novicida mu-
tants. Equivalent amounts of whole cell lysates 
of wild-type (U112), ΔiglA::ermC, ΔiglB::ermC, 
and ΔiglC::ermC strains were separated by 10%  
sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), and probed with αIglC 
by Western immunoblot. ΔiglA::ermC strain was 
constructed by previously described methods 
(Reference 3), while ΔiglB::ermC strain was  
constructed as described here.
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