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Abstract

We describe a rapid method for determining nucleotide sequences directly from total genomic DNA. This technique was used to
determine genomic DNA sequences in various prokaryotic and eukaryotic microorganisms with a G+C content between 40 and 50%, e.g.
Escherichia coli, Vibrio cholerae, Bacillus subtilis and Saccharomyces cerevisiae. Furthermore, the method was applied to accurately sequence
up to 300 DNA base pairs in Photorhabdus luminescens, whose genome sequencing is currently under way. Taken together, these results
provide evidence that our technique can be widely used to easily and efficiently determine genomic DNA sequences. ß 2001 Federation of
European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Genetic techniques, in particular those based on trans-
poson insertion, are commonly used to identify genes spe-
ci¢cally involved in various processes. However, the char-
acterization of transposition sites by sequencing usually
requires several time consuming steps such as the complete
digestion of genomic DNA, cloning into a vector or in-
verse PCR [1]. Furthermore, they are often somewhat dif-
¢cult to achieve due to the length of DNA fragments. In
the past years, many attempts were made to determine a
particular nucleotide sequence directly in its genomic con-
text. For example, the Tn5seq1 transposon was con-
structed to sequence Escherichia coli chromosomal DNA
after digestion with the PstI restriction enzyme [2]. How-
ever, this method requires alkaline denaturation of DNA
and reverse transcription and its use is restricted to the
localization of a site of transposon insertion. More re-
cently, a protocol was developed to directly sequence up
to 700 bp from chromosomal DNA [3]. Nevertheless, this
method requires automated sequencing, the Big-Dye kit

(Perkin Elmer) and the puri¢cation of sequence reactions
before loading on gel.

In the present work, we developed an e¤cient and easy
procedure to sequence genomic DNA from di¡erent mi-
croorganisms. We elaborated a more performant method
for genomic DNA preparation and we used the Thermo
Sequenase radiolabelled terminator cycle sequencing kit
(Amersham Pharmacia Biotech) with a new PCR cycle.

2. Materials and methods

2.1. Strains and primers

The E. coli BE1410 strain [4] contains a Tn5seq1 trans-
poson in the hns coding sequence (GenBank accession
number X07688). Nucleotide sequences were determined
using either T7 and SP6 primers previously designed
from the Tn5seq1 coding sequence [2], or HNS primer
designed from the hns promoter sequence (Table 1). Using
genomic DNA from the Vibrio cholerae classical Ogawa
O395 strain, sequence reactions were performed using
VICH primer [5], an oligonucleotide complementary to
the vicH 5P-end coding sequence [6]. Oligonucleotide
GB155 used to sequence genomic DNA from Saccharomy-
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ces cerevisiae FY1679 (Table 1) hybridizes with an inter-
genic region between YLR072w and YLR073c ORFs in
chromosome XII [7]. Oligonucleotides PHOC and
PHON were designed to hybridize respectively to the
£hDC coding sequence and to its 5P-end. All experiments
were performed in accordance with European regulation
requirements concerning the contained use of Genetically
Modi¢ed Organisms of Group I (agreement No. 2735) and
Group II (agreement No. 2736).

2.2. Genomic DNA preparation

Bacterial cells were grown in 50 ml Luria broth to sta-
tionary phase. Cells were centrifuged at 5000Ug for 10
min at 4³C, resuspended in 9 ml of 50 mM Tris^HCl, 50
mM EDTA pH 8 (in the case of Bacillus subtilis, cells were
incubated for 10 min with 1 mg ml31 lysozyme at 37³C
and the enzyme was then inactivated for 3 min at 65³C).
Cells were lysed by the addition of 2.5 mg proteinase K
and 1 ml of 10% SDS and gently shaken for 16 h at 37³C.
DNA was extracted with an equal volume of phenol satu-
rated with Tris^HCl pH 8 and 2 ml 50 mM Tris^HCl, 50
mM EDTA pH 8 were added. The suspension was gently
mixed and incubated at 37³C for 30 min. After centrifu-
gation for 10 min at 12 000Ug at 15³C, the aqueous phase
was extracted twice with an equal volume of phenol:
chloroform and then with one volume of chloroform. At
each step, the suspension was gently mixed and centri-
fuged as previously. Genomic DNA was precipitated by
addition of one volume of propanol-2 and 1:10 volume of
3 M sodium acetate pH 5.2. Chromosomal DNA was
washed four times in absolute ethanol by the use of a
Pasteur pipet, air dried for 30 min and resuspended in
0.5 to 2 ml of 10 mM Tris^HCl, 1 mM EDTA pH 7.6.
After incubation for 15 min at 65³C, genomic DNA prep-
aration was spectrophotometrically quanti¢ed (OD260) and
stored at 4³C. Genomic DNA from S. cerevisiae was pre-
pared using a zymolase treatment as previously described
[8].

2.3. Genomic DNA sequencing

Sequencing reactions were performed using the Thermo
Sequenase radiolabelled terminator cycle sequencing kit
(Amersham Pharmacia Biotech). In a ¢nal volume of 60
Wl, 5 Wg of genomic DNA (40 Wg for S. cerevisiae) was
mixed with 60 pmol of freshly diluted primer (100 pmol
for S. cerevisiae) and 6 Wl reaction bu¡er. 3 Wl of Thermo-
Fidelase enzyme (Fidelity Systems, Inc.) was added to se-
quence chromosomal DNA of S. cerevisiae. The mixture
was incubated for 5 min at 95³C in a dried heating block
and then allowed to cool down to 30³C in the block before
the addition of 3 Wl of Thermo Sequenase DNA polymer-
ase. 14 Wl of this mixture was added to each termination
mix (6 Wl nucleotide master mix and 1.5 Wl each [K-33P]-
ddNTP (Amersham Pharmacia Biotech) respectively). The

PCR sequencing program was as follows: 80 cycles of
1 min at 95³C, 30 s at 55³C and 4 min at 72³C. After
ampli¢cation, reactions were stored at 4³C until the addi-
tion of 10 Wl of stop solution. After denaturation for 5 min
at 95³C in a thermocycler, 7 Wl of DNA sequence reactions
were loaded on a standard 8% acrylamide:bisacrylamide
(29:1 w/w) gel in glycerol tolerant bu¡er containing 60 Wl
TEMED and 0.1% ammonium persulfate in 100 ml. Sam-
ples were migrated at 65 W for 100 min. The gel was dried
and exposed to a phosphor screen (Molecular Dynamics)
for at least 5 days or to a Hyper¢lm-Lmax autoradiogra-
phy ¢lm (Amersham Pharmacia Biotech) for 8 days.

3. Results and discussion

We ¢rst used the sequence determination procedure
from genomic DNA (see Section 2) to localize precisely
the site of transposon insertion in E. coli BE1410 strain.
This strain contains a Tn5seq1 transposon inserted in the
hns gene located at minute 27 on the chromosome and
coding for a pleiotropic regulator [4]. Chromosomal
DNA was extracted from the BE1410 strain and sequenc-
ing reactions were performed with SP6 and T7 Tn5seq1
primers speci¢cally designed for direct sequencing on
chromosomal DNA (Table 1). Fig. 1A,B shows the results
obtained with SP6 primer and T7 primer, respectively. 89
bp were read from the SP6 primer while 119 bp were read
from the T7 primer. Each sequence was compared to the
whole genome of E. coli (http://bioweb.pasteur.fr/Geno-
List/Colibri/), using the BLAST program [9]. The sequence
obtained from the T7 primer allowed us to localize the
insertion site at the 20th codon of the hns gene (accu-
racys 97%, BLAST P value = 1.9U10319 and BLAST
score value = 535). Despite a lower score (accuracy = 90%,
BLAST P value = 1.1U1033 and BLAST score val-
ue = 242), the Tn5seq1 insertion site was surprisingly lo-
calized with the SP6 primer at the 17th codon of the hns
coding sequence without any ambiguity. The higher per-
centage of error obtained with the SP6 primer can be ex-
plained by hybridization to another DNA fragment. In-
deed, unlike the T7 primer, we observed that the last 14 bp
of SP6 primer, designed before the whole genome se-
quence was available [2], hybridized with the yhiS coding
sequence. This provides evidence that primers used for
sequencing on genomic DNA must be optimized by com-
paring their sequence with the whole genome. On the oth-
er hand, the discrepancy between the location of the trans-
poson obtained from the T7 primer (20th codon) and that
from the SP6 primer (17th) can be explained by the mech-
anism of Tn5seq1 insertion. Indeed, at its insertion site,
the transposon is bracketed by a 9-bp duplication of the
target sequence (5P-GGCAAGAGA-3P), which is gener-
ated during the transposition event [10].

We wanted to know whether our method could be used
for sequencing E. coli chromosomal DNA from any oli-
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gonucleotide. Sequencing reactions were performed using
the HNS primer hybridizing solely with the hns promoter
region in BE1410 strain. The result is shown in Fig. 1C.
152 bp were read and compared with the E. coli genome
by BLAST program [9]. The sequence corresponded to the
hns region (accuracys 97%, BLAST P value = 3.5U10317,
BLAST score value = 485) and con¢rmed the localization
of Tn5seq1 in the 20th codon of the hns coding sequence.

To know whether our method could be more widely
used, we performed sequencing experiments from genomic

Fig. 2. Nucleotide sequences from total chromosomal DNA of di¡erent
microorganisms. Sequencing reaction were of vicH performed on V.
cholerae O395 strain using the VICH primer (A) and those of YLR073c
on S. cerevisiae FY1679 strain using GB155 primer (B).

Fig. 1. Nucleotide sequence of hns from total E. coli chromosomal
DNA. Sequencing reactions were performed on the BE1410 strain using
primers SP6 (A), T7 (B) and HNS (C). Arrows correspond to the end
of the Tn5seq1 sequence. Sequences between asterisks correspond to the
9-bp duplication generated during the Tn5seq1 transposition event.

Table 1
Strains and primers used

Strains and
primers

Description Source

Strains
BE1410 E. coli FB8 hns-1001 : :Tn5seq1 [4]
Ogawa O395 classical V. cholerae (wild-type) C. Parsot
FY1679 S. cerevisiae [7]
TT01 P. luminescens N. Boemare
Primers
T7 5P-TAATACGACTCACTATAGGG-3P [2]
SP6 5P-CATACGATTTAGGTGACACTATAG-3P [2]
HNS 5P-TTGCACAACTGAATTTAAGGCTCTA-3P This study
VICH 5P-ATGTCGGAAATCACTAAGAC-3P [5]
GB155 5P-TAACAAACTATCTAGACACC-3P G. Blandin
PHOC 5P-CATAGAATCGCTAATACCTAAACGG-3P This study
PHON 5P-TCATTTCTCTATCCCGTCCG-3P This study
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DNA extracted from various bacteria, such as Bordetella
pertussis, V. cholerae and B. subtilis (a Gram-positive bac-
terium), and from the yeast S. cerevisiae. From B. pertussis
genomic DNA, the method did not give any convincing
result (data not shown) probably due to the high G+C%
content of its genomic DNA. Indeed, the G+C content of
the B. pertussis DNA ranges from 66 to 70%. This high
G+C content could result in very strong secondary struc-

tures known to alter enzyme functioning, in particular
polymerases used for PCR. In contrast, our method al-
lowed us to sequence V. cholerae genomic DNA, using
VICH primer hybridizing with the vicH 5P-end coding se-
quence (Fig. 2A). This gene has been recently shown to
encode a H-NS-like protein [6]. 182 bp were read and
compared with the NCBI BLAST server (http://
www.ncbi.nlm.nih.gov/BLAST) to the V. cholerae genome

Fig. 3. Nucleotide sequence of the £hDC-like operon promoter region from total P. luminescens chromosomal DNA. Sequencing reactions were per-
formed on TT01 strain using primers PHON (A) and PHOC (B), with three (1) or two (2) migrations. Positions of the putative RBS, the 310 and 335
hexamers and the CAP binding site consensus sequence are underlined, the putative transcription start point (+1) is indicated by an arrow and ATG
corresponds to the translational initiation codon.
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sequence. An accuracy of 99%, a BLAST P value of
3.5U10335 and a score value of 882 were found with the
sequence corresponding to the hns-like gene in this organ-
ism. Moreover, the technique presented here was success-
fully used to analyze cysH, a gene encoding a putative
phospho-adenylsulfate sulfotransferase in B. subtilis, after
transposon mutagenesis (S. Auger, personal communica-
tion). Finally, the sequencing procedure was applied on S.
cerevisiae genomic DNA using GB155 primer which hy-
bridizes with an intergenic region between YLR072w and
YLR073c ORFs in chromosome XII [7]. The use of
ThermoFidelase0 (Fidelity Systems, Inc.), an enzyme
which binds to DNA and helps polymerase to pass
through strong secondary structures, was required to ob-
tain a sequence on yeast genomic DNA. 124 bp were read
(Fig. 2B) and were compared with the whole genome of S.
cerevisiae using the BLAST program [9]. An accuracy of
93%, a BLAST P value of 1U10329 and a score value of
133 was found with ORF YLR073c.

Photorhabdus luminescens is a Gram-negative bacterium
whose genome sequencing is currently under way at the
Pasteur Institute (http://www.pasteur.fr/recherche/unites/
gmp). During this work, a partial sequence coding for a
gene homologous to £hDC, the £agellar master operon in
E. coli, was identi¢ed (E. Duchaud, personal communica-
tion). Recently, we demonstrated that the £hDC promoter
in E. coli contains a CAP binding site and a large untrans-
lated region, which seems to play a crucial role in the
regulation of its expression by H-NS [11]. Therefore, it
was of interest to determine the existence of such a regu-
latory region in P. luminescens. Two and three migrations
were performed using oligonucleotides PHOC and PHON
(Table 1 and Fig. 3). More than 300 bp in the promoter
region of the £hDC-like genes were read with each oligo-
nucleotide (Fig. 3). Analysis of the nucleotide sequence
allowed us to identify 335 and 310 hexamers showing
50 and 67% similarity with the E. coli c70 consensus, re-
spectively. These two boxes are separated by a 19-bp
spacer and are located 289 and 264 bp upstream from
the ATG translational start codon, respectively. In addi-
tion, we identi¢ed a consensus CAP binding site
(tttTGTGAgttatgTCACAtag) centered at position 371.5
with respect to a putative +1 transcriptional start site, as
in E. coli [11]. This suggests that the regulatory mechanism
of the £agellar master operon in P. luminescens could be
similar to that in E. coli.

In summary, we developed a powerful sequencing pro-
cedure based on classical techniques of genomic DNA
preparation and radioactive sequencing kit. This technique
can be easily used to directly sequence total genomic DNA
with oligonucleotides designed from the left and the right
ends of a transposon or from any genomic DNA frag-
ment, in particular when the whole genomic sequence is

not yet available. This simple method could be largely
applied to DNA with a G+C content around 40^50%.
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