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Streptococcus pneumoniae is a major cause of serious infections such as pneumonia and meningitis in both
children and adults worldwide. Here, we describe the development of a high-throughput, genome-wide tech-
nique, genomic array footprinting (GAF), for the identification of genes essential for this bacterium at various
stages during infection. GAF enables negative screens by means of a combination of transposon mutagenesis
and microarray technology for the detection of transposon insertion sites. We tested several methods for the
identification of transposon insertion sites and found that amplification of DNA adjacent to the insertion site
by PCR resulted in nonreproducible results, even when combined with an adapter. However, restriction of
genomic DNA followed directly by in vitro transcription circumvented these problems. Analysis of parallel
reactions generated with this method on a large mariner transposon library showed that it was highly
reproducible and correctly identified essential genes. Comparison of a mariner library to one generated with the
in vivo transposition plasmid pGh:ISS1 showed that both have an equal degree of saturation but that 9% of the
genome is preferentially mutated by either one. The usefulness of GAF was demonstrated in a screen for genes
essential for surviving zinc stress. This identified a gene encoding a putative cation efflux transporter, and its
deletion resulted in an inability to grow under high-zinc conditions. In conclusion, we developed a fast,
versatile, specific, and high-throughput method for the identification of conditionally essential genes in S.
pneumoniae.

Infection with the gram-positive pathogen Streptococcus
pneumoniae is a worldwide cause of mortality and morbidity.
Carriage of the bacterium can be asymptomatic but often
progresses to diseases such as sinusitis and otitis media and to
more serious infections such as pneumonia, sepsis, and men-
ingitis. It is estimated that over a million people die of S.
pneumoniae-related diseases every year (4, 27). Current poly-
saccharide vaccines are effective, but they only protect against
a fraction of the 90 serotypes known, and replacement and
disease by nonvaccine serotypes is already being observed (34).
Treatment of S. pneumoniae infections is also confounded by
the rise of strains resistant to the most commonly used antibi-
otics (19). Thus, there is an urgent need for the identification
of new protein leads for the development of vaccines and
antimicrobial drugs, preferably by using high-throughput, ge-
nome-wide screening methods.

Several methods have been used to determine which genes
are needed by S. pneumoniae in the various niches it occupies
in the host (conditionally essential genes), such as transcrip-
tome analysis (29), differential fluorescence induction (22),

and signature-tagged mutagenesis (STM) (7, 16, 30). Of these
methods, STM is the only one that enables negative screening
and thus directly addresses the essentiality of a gene under a
certain condition. However, STM is hampered by various
drawbacks: every mutant has to be grown and stored sepa-
rately, which makes it hard to generate large libraries with a
more than 1� coverage of the genome; detection of the tags is
cumbersome; and identification of transposon insertion sites is
labor intensive (2). In the three in vivo STM screens per-
formed with S. pneumoniae, no more than 8,000 mutants in
total have been tested. Furthermore, there is little overlap in
the identified genes in each study, indicating that the screens
were not saturated, and more importantly, that not all ex-
isting conditionally essential genes have been identified (7,
16, 30).

Therefore, we set out to develop genomic array footprinting
(GAF), a high-throughput method to identify conditionally
essential genes in S. pneumoniae by using a combination of
random transposon mutagenesis and microarray technology
(Fig. 1). GAF detects the transposon insertion sites in a library
by amplifying and labeling the chromosomal DNA adjacent to
the transposon and subsequent hybridization of these probes
to a microarray. Identification of transposon insertion sites in
mutants that have disappeared from the library due to selec-
tion, which represent conditionally essential genes, is achieved
by differential hybridization of the probes generated from the
library grown under two conditions to an array (Fig. 1). We
anticipated that the most critical step in the whole procedure is
the specific amplification and detection of the DNA adjacent

* Corresponding author. Mailing address: Department of Genetics,
Groningen Biomolecular Sciences and Biotechnology Institute (GBB),
Rijksuniversiteit Groningen, Kerklaan 30, 9751 NN Haren, The Neth-
erlands. Phone: 31-50-3632093. Fax: 31-50-3632348. E-mail: o.p.kuipers
@rug.nl.

‡ These authors contributed equally to the work described in this
paper.

† Supplemental material for this article may be found at http://aem
.asm.org/.

� Published ahead of print on 19 January 2007.

1514



to the transposon insertion sites, as this determines the rate of
false positives. Recently, several methods for identifying trans-
poson insertion sites using microarrays have been described (6,
32, 33). In this paper, we describe (i) the pitfalls of several
methods of amplification when applied to S. pneumoniae li-
braries and (ii) the successful development and validation of a
specific and reproducible method for the detection of transpo-
son insertion sites in S. pneumoniae. Finally we show, with a
biological screen for genes essential for surviving zinc stress,
that GAF is a reliable and effective method to identify condi-
tionally essential genes.

MATERIALS AND METHODS

Bacterial strains, growth conditions, DNA isolation, and manipulations. The
S. pneumoniae strains used in this study were the serotype type 2 isolate D39 (3)
and its unencapsulated derivate R6 (8). Lactococcus lactis strain NZ9000 (10)
was used to generate pGHT7:ISS1. Escherichia coli DH5�F was used as a host
for the pR412 plasmid and the generation of pR412T7. All strains were routinely
cultured in tryptone yeast broth or M17 broth containing glucose (GM17) as
described previously (10). General DNA techniques were performed as de-
scribed previously (10). Sequencing of the DNA adjacent to the insertion sites
was performed using a single-primer PCR essentially as described previously (9).
An in-frame deletion of czcD (SP1857) was constructed using pORI280 as de-
scribed before (10) with primer pairs czcD-KO-1/czcD-KO-2 and czcD-KO-3/

FIG. 1. Schematic representation of the GAF procedure. A large S. pneumoniae transposon library is grown under nonselective and selective
conditions. Subsequently, chromosomal DNA containing transposons (gray rectangle) with outward-facing T7 RNA polymerase promoters (arrow
with T7) is isolated from each population. The DNA is digested, and the DNA adjacent to the transposon insertion site is amplified using in vitro
transcription with T7 RNA polymerase. The RNA is used in standard microarray procedures. Hybridization of these probes to a microarray will
reveal which genes were disrupted in the mutants that disappeared during selection: those spots to which only material derived from the
nonselective condition will hybridize (gray spots).

TABLE 1. Primers used in this study a

Name Sequence (5�–3�)

PBMrIRPi.................................AGACCGGGGACTTATCAGCC
PBMrStartT7............................CCTATAGTGAGTCGTATTAGACACATAGATGGCGTCGC
PBMrEndT7 .............................CCTATAGTGAGTCGTATTACAACATAGTTCCCTTCAAGA
ISSfor ........................................ATTGTAAAACGACGGCCAGTGTTCATTGATATATCCTCGCTGTC
MATT1 .....................................AAGGGCATGGAAACAATTCGAGG
MATT2 .....................................GGAACGCTCTTCGGATTTTCGG
CEKG2A ..................................CGCCACGCGTCGACTAGTACNNNNNNNNNNAGAG
CEKG2D ..................................CGCCACGCGTCGACTAGTACNNNNNNNNNNATAG
CEKG2E...................................CGCCACGCGTCGACTAGTACNNNNNNNNNNGAAT
CEKG4 .....................................CGCCACGCGTCGACTAGTAC
LinkAmp1.................................AGGCACAGTCGAGGACTTATCCTA
LinkAmp2.................................GCCTCTGAATACTTTCAACAAGTTAC
PBMrTn5 ..................................CGGGAATCATTTGAAGGTTGGTACT
PBMrTn3 ..................................TACTAGCGACGCCATCTATGTGTC
TMr_1 .......................................TGCATTTAATACTAGCGACGCCATCTATGTGTC
ISS1_T7_up ..............................CGATAAGCTTGATGGAGAGAATGGGTTCTGTTGCAAAGTTTTCTGATAAGTCTATTTTAGTGTAAAA

TGAATAAATCTCCTATAGTGAGTCGTATTAAATGACAGCGAGGATATATCAATG
ISS1_T7_down .........................CAGGAATTCGATGCTCTAGAGCATTCTCTGGTTCTGTTGCAAAGTTTAAAAATCAAATACAAGGTCT

CCTATAGTGAGTCGTATTATTTATAATCCTTCTTGTTCTTAAGCTAATATTCCC
Adapter1 ...................................AATTACCACGACCA
Adapter2 ...................................CGACCACGACCA
Adapter3 ...................................AGTCTCGCAGATGATAAGGTGGTCGTGGT
Adapter4 ...................................GTCCAGTCTCGCAGATGATAAGG
czcD-KO-1 ................................TGCTCTAGAAGGTCAATGTCTCGATAAAG
czcD-KO-2 ................................AGCATATTTTGCCTTCATATTTC
czcD-KO-3 ................................ATATGAAGGCAAAATATGCTAGTTATGAGCATCAACATTAG
czcD-KO-4 ................................GAAGATCTCTGTAGCTGAGACAAGCGC

a All primers were designed for this work, except CEKG2A and CEKG4, which were designed by N. R. Salama and coworkers (32).
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czcD-KO-4 (Table 1), which removed 852 bp of the open reading frame (ORF);
a detailed description of its construction is provided elsewhere (T. G. Klooster-
man, M. M. Pol, J. J. E. Bijlsma, and O. P. Kuipers, submitted for publication).

Construction of pGh9:ISS1 and pR412 derivates with outward-facing T7 RNA
polymerase promoters in their transposons. A pGh9:ISS1 derivative with two
outward-facing T7 promoters in the ISS1 element was constructed as follows.
The ISS1 element from pGh9:ISS1 (21) was removed by digestion with EcoRI
and HindIII and replaced by a HindIII-, EcoRI-digested PCR product of the
ISS1 element generated on pGh8:ISS1 (21) with primers ISS1_T7_up (Table 1)
and ISS1_T7_down (Table 1). This resulted in pGh9T7:ISS1 which contains the
ISS1 element (with the T7 promoters on both sides) in an orientation opposite
to that in the pGh9:ISS1 plasmid.

The backbone of transposon donor plasmid pR412 (23), including the inverted
left repeat and inverted right repeat of the transposon, was amplified with Pwo
DNA polymerase (Roche) with a single phosphorylated primer PBMrIRPi (Ta-
ble 1); PCR cycling conditions were as follows: 94°C for 4 min; 30 cycles of 94°C
for 1 min, 55°C for 1 min, and 68°C for 5 min; and 68°C for 5 min. The
spectinomycin-resistance cassette was PCR amplified with primers containing a
T7 tag, i.e., PBMrStartT7 (Table 1) and primer PBMrEndT7 (Table 1); PCR
cycling conditions were as follows: 94°C for 4 min; 30 cycles of 94°C for 1 min,
55°C for 1 min, and 68°C for 1.5 min; and 68°C for 4 min. The two PCR products
were ligated to obtain the transposon donor plasmid pR412T7.

Generation of transposon libraries. Random transposon libraries were rou-
tinely generated in S. pneumoniae as described before, using the in vitro mariner
transposon (1) and the in vivo pGh:ISS1 system (21). Recombinant HimarC9
transposase was purified from the E. coli strain BL21(DE3) (Novagen) contain-
ing plasmid pET29C9 (13) essentially as described before (14). However, to
prevent DNase contamination of the transposase stock, the DNase I treatment of
the purification step was omitted from the protocol. For in vitro transposition, 1
�g of purified chromosomal DNA was incubated with 0.5 �g pR412T7, which
contains the marinerT7 transposon, and 0.5 �g purified recombinant HimarC9
transposase in a 20-�l reaction mixture. After repair of the transposition reaction
with T4 DNA polymerase and E. coli DNA ligase (7), the DNA was used for
transformation of strain R6 (1, 13). After overnight growth on selective plates
containing 120 mg liter�1 spectinomycin, colonies were scraped, pooled, and
stored at �80°C. For the construction of pGh9T7:ISS1 mutant libraries (21), the
R6 and D39 strains were transformed with the pGh9T7:ISS1 plasmid and grown
at 30°C on selective plates containing 0.25 mg liter�1 erythromycin. Several
colonies of S. pneumoniae containing the pGh9T7:ISS1 plasmid were pooled,
grown overnight in GM17 broth with erythromycin at 30°C, and stored at �80°C.
From this stock, bacteria were inoculated for overnight growth in GM17 broth at
30°C with the appropriate antibiotic, and the next day the cultures were diluted
1 to 50 in GM17 broth without antibiotics and after three hours of growth shifted
to 37°C. After another three hours of growth at the nonpermissive temperature,
10�3 and 10�4 dilutions were plated on selective medium. Approximately 20,000
to 30,000 CFU were scraped from the plate, pooled, and stored at �80°C for
further use. The same marinerT7 and pGh9T7:ISS1 transposon libraries were
used for all experiments to determine the reproducibility and specificity of each
method. New libraries were generated for the comparison of the marinerT7 and
pGh9T7:ISS1 transposon libraries and the GAF zinc screen.

Microarray construction, labeling, hybridization, and analysis. S. pneumoniae
microarrays were produced essentially as described previously (12, 40) and con-
tained amplicons of on average 600 bp representing 2,087 ORFs of S. pneu-
moniae TIGR4, each of which are present twice on the array (36) as an internal
control to monitor variations in hybridization efficiency per slide. Purified RNA
obtained after in vitro transcription was used to generate fluorescent DNA
probes by direct or indirect labeling using standard methods. Hybridization,
washing, and acquisition of array images were performed as described previously
(11). Spots were screened visually to identify those of low quality. The amount of
low-quality spots varied per slide but was never more than 10%; they were
removed from the data set prior to analysis. Slide data were processed and
normalized using MicroPreP (41). A net mean intensity filter based on hybrid-
ization signals obtained with amplicons representing open reading frames unique
for S. pneumoniae strain TIGR4 (36) was applied in all experiments. For one-
array experiments (Fig. 2 and 3), only genes that had reliable measurements (i.e.,
passed filters) for both duplicate spots present on the array were analyzed. For
the other experiments, microarray data were analyzed when at least three mea-
surements were available, using a CyberT implementation of the Student’s t test
(20). False discovery rates were calculated as described previously (40). The
correlation between normalized signal intensities per gene in both channels was
determined by linear regression analysis.

Identification of transposon insertion sites using MATT. For the identification
of transposon insertion sites, microarray tracking of transposon mutants

(MATT) was performed as described previously (32) with some modifications. A
linear PCR with AccuPrime (Invitrogen) polymerase was performed on chro-
mosomal DNA containing pGh9T7:ISS1 insertions as a template and the
MATT1 (Table 1) primer located on the transposon, for 30 cycles at 56°C. The
single-stranded fragments were purified with a GFX column (GE Healthcare),
and 100 ng was used as a template for a semirandom PCR in a 20-�l reaction
mixture containing 2 �M each of an anchored random primer (CEKG2A,
CEKG2D, or CEKG2E; Table 1) and MATT1 and 1 U Taq polymerase (In-
vitrogen) with the following cycling reactions: 1 cycle at 94°C for 4 min; 12 cycles
at 94°C for 30 s, 42°C for 30 s (�0.5°C each cycle), and 72°C for 2 min; and 30
cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 2 min. The reaction products
were diluted fivefold, and 1 �l was used as a template for a subsequent reaction
using a nested transposon-specific primer MATT2 (Table 1) and the anchor
primer CEKG4 (Table 1) in a 100-�l reaction mixture using the following cycling
conditions: 1 cycle at 94°C for 4 min, and 30 cycles at 94°C for 30 s, and 56°C for
30 s, and 72°C for 2 min. The PCR products were purified using a Roche PCR
purification kit and used as input for a T7 RNA polymerase reaction using a T7
MEGAscript kit (Ambion).

Identification of transposon insertion sites using a TOPO adapter. Genomic
DNA was diluted in 20 �l H2O to 0.5 �g/�l and fragmented by sonication with
the microtip of a Branson digital sonifier (eight times for 0.5 s, output 20%). To
prepare double-stranded, blunt-end DNA, fragmented DNA was successively
treated with S1 nuclease, T4 DNA polymerase, and E. coli DNA ligase. To
facilitate the ligation of a TOPO-isomerase-activated linker (TOPO-Walker kit;
Invitrogen), the blunt-end, double-stranded DNA was incubated with calf intes-
tinal phosphatase for dephosphorylation and with Taq DNA polymerase (Ther-
moperfect; Integro) to create 3� A-tailed DNA ends. Ligated DNA was used as
a template in two consecutive PCRs with Taq DNA polymerase: the first reaction
contained primers LinkAmp1 (Table 1) and PBMrTn5 (Table 1), and the second
contained nested PCR primers LinkAmp2 (Table 1) and PBMrTn3 (Table 1).
PCR cycling conditions for both reactions were as follows: 94°C for 4 min; 20
cycles of 94°C for 30 s, 63°C for 1 min, and 72°C for 1.5 min; and 72°C for 3 min.
PCR products were loaded on a 2% agarose gel, and DNA fragments with the
preferred size were excised and extracted with a Qiaquick gel purification kit
(QIAGEN). In vitro transcription reaction and subsequent DNase I digestion
were performed with a T7 MEGAscript kit (Ambion).

Identification of transposon insertion sites using TraSH. The TraSH method
was performed essentially as described previously (33) with a few modifications.
Genomic DNA was digested with ApoI or TacI and precipitated and ligated
overnight in a 15-�l volume with an approximately 1,000-fold molar excess of the
appropriate adapter (Adapter1 for ApoI- and Adapter2 for TacI-digested DNA;
Table 1). The ligated products were purified, and 0.3 to 1 �l was used as a
template in the following PCR containing primer TmR1 (Table 1): 1 cycle at
95°C for 1 min; and 5 cycles at 95°C for 30 s, 72°C for 30 s, and 72°C for 1 min.
Subsequently the appropriate adapter primer (Adapter3 for ApoI- and Adapter4
for TacI-digested DNA; Table 1) was added, and the reaction was continued with
the following cycling conditions: 5 cycles at 95°C for 30 s, 72°C for 30 s, and 72°C
for 1 min, and 30 cycles at 94°C for 30 s, 65°C for 30 s (�0.3°C each cycle), and
72°C for 70 s. PCR products were purified and used as a template for a T7 RNA
polymerase reaction using a MEGAscript kit (Ambion).

Identification of transposon insertion sites using the T7 RNA polymerase
promoter. The procedure was performed essentially as described previously (6).
Genomic DNA (�10 �g) was digested overnight with TacI, DdeI, or AluI, and
the purified DNA was used for an in vitro transcription reaction with a MEGAscript
T7 RNA polymerase kit (Ambion) in a total volume of 20 �l.

Selection for genes essential for surviving high-zinc conditions. Aliquots of a
marinerT7 transposon library generated in S. pneumoniae R6 containing approx-
imately 20,000 independent mutants were diluted 1 to 20 in GM17 broth or in
GM17 broth containing 0.5 mM ZnSO4. Both cultures were grown for 10 gen-
erations as determined by the optical density at 600 nm, after which the bacteria
were spun down (9,000 � g, 4 min) and used for the extraction of genomic DNA.

Microarray data accession numbers. The microarray data have been depos-
ited in the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi
.nlm.nih.gov/geo/) under GEO Series accession numbers GSM158348,
GSM158350, GSM158558, GSM158562, GSM158563, GSM158564,
GSM158565, GSM158566, GSM158567, GSM158568, GSM158569, and
GSM158570.

RESULTS

Prerequisites for the development of GAF. Important con-
siderations for the development of GAF were that the method
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should be sensitive enough to detect all mutants in a library
and should be reproducible. Reproducibility, specificity, and
sensitivity are in large part determined by the amplification
and detection step (Fig. 1). Therefore, we tested the perfor-
mance of various methods for transposon insertion site detec-
tion (6, 32, 33) on both small (�100 CFU) and large (�20,000
CFU) mutant libraries.

Although we used strains R6 and D39 throughout this study,
we wanted our method to be applicable to (in principle) all S.

pneumoniae strains, some of which are not as easily transform-
able. Therefore, we established two methods for the genera-
tion of random mutant libraries: in vitro mariner mutagenesis
(1), which depends on a high-transformation efficiency of the
accepting strain for the generation of large libraries and is not
expected to have polar effects on downstream genes (31), and
the in vivo pGh:ISS1 system (21), which consists of a plasmid
with a temperature-sensitive origin of replication, the ISS1
insertion element, and an erythromycin resistance gene with a

FIG. 2. Detection of transposon insertion sites using PCR-based methods. (A) Scatterplot of the signal intensities of two parallel reactions on
the chromosomal DNA of a genome-wide library using MATT. There is no correlation between the signal intensities for each gene (r2, 0.036),
indicating that the procedure is nonreproducible. (B) Scatterplot of the signal intensities of two parallel reactions on the chromosomal DNA of
a genome-wide library using a TOPO-isomerase adapter combined with a nested PCR. There is no correlation between the signal intensities in
each gene (r2, 0.010), indicating that the procedure is nonreproducible. (C) Scatterplot of the signal intensities of two parallel reactions on the
chromosomal DNA of a genome-wide library using TraSH. Correlation between the signal intensities for each gene indicates that the procedure
is fairly reproducible (r2, 0.825).
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weak terminator (�7.5 kcal mol�1); thus, insertion of pGh:
ISS1 could cause some polar effects. Growth of bacteria that
contain the plasmid for several generations at 30°C, the per-
missive temperature, followed by a temperature shift to 37°C,
induces the insertion of the plasmid into the chromosome.
Thus, a one-time introduction of this plasmid in a strain with
low transformation efficiency is sufficient to generate large

(�20,000 CFU) libraries, avoiding the need for high-transfor-
mation efficiencies in accepting strains. In each transposon, an
outward-facing T7 RNA polymerase promoter close to both
ends of the insertion element was introduced for amplification
purposes. Both transposons readily generated large (�20,000
CFU) libraries in S. pneumoniae strains R6 and D39, as ex-
pected, and in strain TIGR4 with the pGh:ISS1 system (34) as

FIG. 3. In vitro transcription on purified chromosomal DNA restriction fragments leads to specific and sensitive detection of transposon
insertion sites. (A) Scatterplot of the comparison of reactions on the chromosomal DNA of a mutant library consisting of 90 unique marinerT7
mutants and the DNA of the same mutants to which the chromosomal DNA of 9 defined mutants has been added. Straight lines denote a twofold
difference in signal intensities between the Cy5 and Cy3 channels. Genes identified by sequencing as added to the library are indicated as black
squares. (B to D) Scatterplots of the signal intensities of two parallel reactions on the chromosomal DNA of a genome-wide library digested with
TacI (B), DdeI (C), and AluI (D). Correlation between the signal intensities in each plot is �0.96, indicating that the procedure is highly
reproducible.
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well (results not shown). Mutant libraries generated with
these transposons were used exclusively throughout this
study, and the RNA generated with the aid of the T7 RNA
polymerase promoter was used in our standard microarray
procedures.

Identification of the transposon insertion sites using MATT.
Microarray tracking of transposon mutants combines two
rounds of PCR: first, a reaction with specific and nonspecific
primers, followed by a nested PCR to further amplify the
material (32). The specific primers hybridize to sequences on
the transposon, and the nonspecific primers contain 10 degen-
erative nucleotides followed by a unique anchor sequence.
Several anchor sequences were chosen that are present on
average every 400 bp in the genome. MATT was found to be
specific and reproducible when used for artificial GAF exper-
iments on a few mutants (comparison of 12 mutants with the
same set in which three mutants were removed; results not
shown). However, when two parallel reactions on one large
(�20,000 CFU) genome-wide library were compared, it was
obvious that the method was not reproducible (Fig. 2A), as few
genes displayed equal signal intensities in both channels (r2,
0.036). When the products of the second round of PCR were
visualized on an agarose gel, several distinct bands of various
sizes in each reaction were visible, indicating that some DNA
fragments were selected randomly during the PCR steps (re-
sults not shown).

Identification of transposon insertion sites using a TOPO-
isomerase adapter or the adapter-based TraSH method. Next,
we tested a method that consists of the ligation of a TOPO-
isomerase-activated adapter to sheared chromosomal DNA,
followed by two PCR steps using nested primers that anneal
specifically to the adapter and the transposon. Similar to
MATT, this method was specific and reproducible when ap-
plied to artificial GAF experiments on a small number of
mutants (i.e., comparison of 21 mutants with the same set from
which 6 mutants were removed; results not shown) but was
clearly nonreproducible when used on a genome-wide library
(Fig. 2B). When the PCR products of separate reactions were
examined, on an agarose gel, different distinct banding pat-
terns were visible, again indicating that the PCR steps intro-
duced a bias in the whole procedure. Repeated attempts to
improve the PCR steps in both the MATT and the TOPO-
adapter method by using Taq polymerase variants with in-
creased specificity, touchdown PCR, and even more stringent
annealing conditions were unsuccessful (results not shown).

Subsequently, we tested the TraSH method, which consists
of the ligation of an adapter to chromosomal DNA digested
with TaqI or ApoI, followed by a short linear PCR with a
transposon-specific primer and a PCR with transposon-specific
and adapter-specific primers (33). This method was fairly spe-
cific and reproducible both when used on a small number of
mutants (i.e., comparison of 21 mutants with the same set of
mutants from which 6 mutants were removed; results not
shown) and on a large (�20,000 CFU) genome-wide library
(Fig. 2C), as the majority of the genes had comparable signal
intensities in both channels on two parallel reactions (r2, 0.83).
However, the optimal annealing temperature and template
concentration had to be determined for each new sample, as
standardized PCR conditions resulted in distinct banding pat-
terns in the PCR products and lower correlations between

signal intensities in each channel. As the continuous optimiza-
tion of the PCR conditions made this method cumbersome, we
did not pursue it further.

Identification of transposon insertion sites using in vitro
transcription on digested DNA. To avoid the bias introduced
by methods employing PCR, we directly used purified chro-
mosomal fragments digested with TaqI (which on average cuts
every 442 bp) as input for an in vitro transcription reaction
using the T7 RNA polymerase promoter that we had intro-
duced in both transposons (Fig. 1) (6, 17). Comparison of
duplicate reactions on a small set of 90 mutants with this
method gave rise to specific and reproducible results (data not
shown). Next, we tested the feasibility of this method by per-
forming an artificial GAF experiment. To a small library of 90
mutants, 9 defined mutants (transposon insertion site deter-
mined by sequencing) were added (90 � 9 library). Subse-
quently, transposon insertion sites in both libraries were de-
termined by microarray analysis as described above. As
expected, the signal intensities of most genes were found to be
similar in both channels (i.e., ratios between 0.5 and 2), indi-
cating that mutants in these genes were present in both pop-
ulations. Furthermore, the signal intensities of 13 genes in the
90 � 9 library were increased significantly in one channel (Fig.
3A), leading to ratios of �9 (Table 2), indicating that trans-
poson insertions in or near these genes were not present in the
90 mutant library. All 13 of these genes corresponded to ORFs
present on the TaqI fragments of 8 defined mutants added to
the library (Fig. 3A; Table 2). The corresponding amplicons of
the genes on the TaqI restriction fragment in one defined
mutant (SP2129 to SP2131) had high signal intensities in both
channels (ratio of 1), indicating that a mutant with a transpo-
son insertion in this location was already present in the 90
mutant library. Three additional genes were detected as having
been added to the library (Fig. 3A; Table 2). The detection of
SP1792 is probably due to the fact that the amplicon has
significant homology with, among others, ORF SP1262 (data
not shown), and thus the high Cy5 signal is probably due to
cross hybridization with the fragments generated by the added
mutant A2. SP0001 is adjacent to ORF SP2240 on the genome
and is present on the TaqI fragment of added mutant A10, and
the intermediate-level signals in the Cy5 channel could be due
to the occurrence of some partially digested fragments. It is not
clear why gene SP2169 is detected; however, the signals in both
channels and the ratio are close to the arbitrarily chosen cutoff
value of 2 and differ substantially from the signal intensities of
the amplicons that represent the 9 added mutants.

Subsequently, this procedure was tested on one genome-
wide marinerT7 library (�100,000 CFU) grown for approxi-
mately 20 generations in GM17. Three different restriction
enzymes were used, TaqI, DdeI, and AluI, which have an
increasing number of sites in the S. pneumoniae genome; on
average, they cut every 442, 337, and 204 bp, respectively. The
scatterplots derived from the analysis of each separate hybrid-
ization (Fig. 3B, C, and D) clearly show a strong correlation
between the signal intensities in each channel for each gene (r2

of �0.96 in all cases) (the normalized signal data and CyberT
output data for these arrays are available at http://molgen
.biol.rug.nl/publication/GAF_data/). Restriction with DdeI re-
sulted in the detection of 1,301 genes, and the numbers for the
TaqI and AluI digests were comparable (1,193 and 1,265, re-
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spectively). Therefore, the three duplicate hybridizations were
combined for further analysis. The library was generated in R6,
which contains 2,116 ORFs, 1,995 of which are homologous to
ORFs in strain TIGR4, and thus are present on our array (8).
As expected, all amplicons that represent ORFs present in
strain TIGR4 but not in R6 (36) (TIGR4 specific) had low
signal intensities. These signals were used to manually gener-
ate a background filter that was applied to the analysis of the
data from all three restrictions. Of the 1,995 R6 ORFs on the
array, 1,322 (66%) were detected in at least two restrictions
and had a less than twofold ratio difference, demonstrating the
reproducibility of this method. In principle, no mutants in
genes that are essential for the growth of S. pneumoniae can be
present in the library; thus, amplicons representing these genes
should not give signals above background (i.e., should be clas-
sified as nondetected). Comparison of the 673 nondetected R6
genes with the reported essential genes of S. pneumoniae (1, 5,
15, 18, 25, 35, 37, 43) showed that 80 had been designated as
essential and 97 were located adjacent to putative essential
genes (see Table S1 in the supplemental material). These anal-
yses showed that this method was robust and reproducible for
incorporation in GAF and that all three restriction enzymes
can be used. The latter is important, as not all restriction
enzymes cut in all genes and the use of several restriction
enzymes on the same DNA improves the chance of detecting
all mutants that have disappeared from a population.

Comparison of the pGhT7:ISS1 and marinerT7 transposon
libraries. Previous experiments were performed on marinerT7-
generated libraries. To test whether the method could also be
applied to pGh9T7:ISS1 libraries, and to assess the level of
saturation and randomness achieved by each transposon, we
compared a large (�20,000 CFU) marinerT7 library with a

pGh9T7:ISS1 one (�20,000 CFU), each grown for approxi-
mately 20 generations in GM17. After isolation, the DNA was
digested with DdeI and AluI and each detection reaction was
performed in duplicate. Microarray data were analyzed as be-
fore by using the background filter generated with the TIGR4-
specific amplicons (the normalized signal data and CyberT
output data for these arrays are available at http://molgen
.biol.rug.nl/publication/GAF_data). This analysis resulted in
the detection of 1,473 genes, and the nondetected genes were
similar to those not detected in the analysis of the three mari-
nerT7 digests. The ratio of the majority of the genes was be-
tween 0.5 and 2, indicating that they are mutated by both
transposons. However, 139 (9%) genes had a ratio lower than
0.5 or higher than 2, indicating that these genes are only, or
preferentially, mutagenized by one of the two transposons.
These “hot spots” are distributed throughout the genome (Ta-
ble 3). There were 60 genes preferentially mutated by pGh9T7:
ISS1, whereas 79 were preferentially mutated by marinerT7,
indicating that it has a slightly higher saturation rate than
pGh9T7:ISS1. Anchored PCR using primers located on some
of the ORFs that had a ratio close to the cutoff point of 0.5
indicated that these genes were indeed preferentially hit by
either transposon and that these ratios were not due to slight
differences in, for instance, T7 RNA polymerase efficiency
(data not shown).

Identification of genes essential for surviving zinc stress. As
all components for GAF were successfully developed, we
tested its ability to identify conditionally essential genes from a
library grown under in vitro stress conditions. Although Zn2�

is an essential ion, it is toxic to bacteria in high concentrations.
Bacteria often contain specific proteins for Zn2� secretion
(26), but none have been identified in S. pneumoniae so far.

TABLE 2. ORFs present on the TaqI fragments that contain the insertion sites of the 9 mutants added to the library
and the corresponding normalized signals and ratiosa

Mutant ORFs present on
TaqI fragment

Gene ID on
the array Cy5 signal Cy3 signal Ratio (90 � 9

mutants/90 mutants)

A1 SP0319 SP0319 15761 600 25.9
SP0320 SP0320 14689 354 41.5

A2 SP1262 NPb

SP0029 SP0029 6076 665 9.1
SP0031 NP
SP0032 SP0032 14318 1484 9.6

A4 SP0943 SP0943 19237 441 43.6
A6 SP2001 SP2001 6152 99 62.1

SP2002 SP2002 27091 692 39.1
SP2003 ND ND ND

A8 SP1533 SP1533 32682 1204 27.2
A10 SP2239 SP2239 ND ND ND

SP2240 SP2240 21523 501 42.9
B7 SP2151 SP2151 3063 187 16.4

SP2152 SP2152 42633 718 59.4
SP2153 SP2153 23473 454 51.7

B8 SP2129 SP2129 53211 48992 1.1
SP2130 SP2130 2486 3021 0.8
SP2131 SP2131 30685 25927 1.2

C2 SP1999 SP1999 26273 430 61.0
NA NA SP1792 9058 2955 3.1
NA NA SP2169 1715 577 3.0
NA NA SP0001 1814 430 4.2

a ND, not detected (signal below background filter); NA, not applicable.
b NP, ORF not represented by an amplicon on the microarray.
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The concentration of Zn2� in serum is reported to be around
15.3 �M (1 mg liter�1) and in lung tissue 229.4 �M (15 �g/g
wet tissue) (42), and during inflammation concentrations in-
crease in blood and other body sites (24, 38), indicating that S.
pneumoniae is likely to encounter Zn2� stress during infection.
Therefore, we decided to screen for genes essential for the
survival of Zn2� stress. In addition, a zinc exporter had already
been identified by other means by our group (T. G. Kloosterman
et al., submitted). A large (�20,000 CFU) marinerT7 library in

strain R6 was grown in quadruplicate in GM17 or GM17 con-
taining 500 �M ZnSO4, which is half the MIC of zinc for S.
pneumoniae (data not shown), for approximately 10 genera-
tions. Subsequent detection of transposon insertion sites in
both populations using a TaqI restriction showed that gene
SP1857 and a cluster of two genes, SP0856-SP0857, had a
significantly lower ratio (Table 4), suggesting that these are
essential genes for growth in high-Zn2� concentrations. SP0856-
SP0857 are annotated as ilvE and as an oligopeptide-binding

TABLE 3. Summary of genes preferentially mutated by marinerT7 (ratio of �0.5 for the first two columns) or by pGh9T7:ISS1 (ratio of �2
for the last two columns)a

Gene ID Ratio (pGh9T7:ISS1/
marinerT7) Gene ID Ratio (pGh9T7:ISS1/

marinerT7)

SP0024–SP0027............................................. 0.40; 0.50; 0.26; 0.32 SP0054................................................................... 2.45
SP0115 ........................................................... 0.48 SP0069................................................................... 2.37
SP0151 ........................................................... 0.47 SP0071................................................................... 2.52
SP0240 ........................................................... 0.45 SP0097................................................................... 2.15
SP0242 ........................................................... 0.13 SP0105................................................................... 2.03
SP0278 ........................................................... 0.42 SP0112-SP0113 ..................................................... 3.05; 3.52
SP0319 ........................................................... 0.44 SP0116................................................................... 2.62
SP0321 ........................................................... 0.45 SP0123................................................................... 2.15
SP0322 ........................................................... 0.46 SP0340................................................................... 2.03
SP0385 ........................................................... 0.41 SP0412................................................................... 2.06
SP0558 ........................................................... 0.49 SP0439................................................................... 2.41
SP0574 ........................................................... 0.47 SP0530................................................................... 2.19
SP0593 ........................................................... 0.47 SP0585................................................................... 2.50
SP0690–SP0693............................................. 0.34; 0.33; 0.33; 0.38 SP0609................................................................... 2.43
SP0741–SP0743............................................. 0.13; 0.18; 0.35 SP0617-SP0618 ..................................................... 2.65; 2.03
SP0846-SP0847 ............................................. 0.31; 0.29 SP0681................................................................... 2.20
SP0943 ........................................................... 0.28 SP0764-SP765 ....................................................... 2.92; 2.11
SP0987-SP0988 ............................................. 0.41; 0.49 SP0800................................................................... 2.50
SP1025 ........................................................... 0.44 SP0881-SP0882 ..................................................... 2.99; 2.61
SP1027 ........................................................... 0.37 SP1018................................................................... 2.08
SP1035 ........................................................... 0.44 SP1104-SP1105 ..................................................... 2.22; 2.04
SP1040–SP1043............................................. 0.35; 0.27; 0.47; 0.35 SP1246................................................................... 2.16
SP1045 ........................................................... 0.48 SP1249................................................................... 2.23
SP1051 ........................................................... 0.47 SP1376................................................................... 2.26
SP1053 ........................................................... 0.47 SP1505................................................................... 2.83
SP1069 ........................................................... 0.45 SP1578................................................................... 2.04
SP1089 ........................................................... 0.35 SP1586................................................................... 2.16
SP1116 ........................................................... 0.48 SP1609................................................................... 2.70
SP1121 ........................................................... 0.47 SP1627................................................................... 2.07
SP1122 ........................................................... 0.46 SP1659................................................................... 3.00
SP1159–SP1164............................................. 0.47; 0.11; 0.38; 0.33; 0.34; 0.35 SP1691................................................................... 2.11
SP1166 ........................................................... 0.45 SP1743................................................................... 2.13
SP1170-SP1171 ............................................. 0.49; 0.35 SP1790................................................................... 2.56
SP1173 ........................................................... 0.39 SP1795................................................................... 4.56
SP1184 ........................................................... 0.49 SP1852................................................................... 2.74
SP1186-SP1187 ............................................. 0.49; 0.26 SP1981–SP1983 .................................................... 2.95; 5.43; 3.45
SP1190–SP1192............................................. 0.33; 0.40; 0.50 SP1996................................................................... 2.04
SP1215 ........................................................... 0.46 SP2010................................................................... 2.39
SP1222 ........................................................... 0.35 SP2031-SP2032 ..................................................... 2.31; 2.14
SP1258 ........................................................... 0.45 SP2070–SP2072 .................................................... 3.14; 2.40; 4.22
SP1275 ........................................................... 0.47 SP2077................................................................... 2.48
SP1436 ........................................................... 0.47 SP2082................................................................... 2.55
SP1552 ........................................................... 0.46 SP2156................................................................... 2.77
SP1640 ........................................................... 0.48 SP2170................................................................... 2.08
SP1693 ........................................................... 0.35 SP2192-SP2193 ..................................................... 2.30; 2.23
SP1815 ........................................................... 0.48 SP2205-SP2206 ..................................................... 2.85; 2.77
SP1856 ........................................................... 0.49 SP2235-SP2236 ..................................................... 2.04; 2.17
SP1897-SP1898 ............................................. 0.33; 0.49
SP1923-SP1924 ............................................. 0.27; 0.46
SP1954–SP1957............................................. 0.25; 0.28; 0.34; 0.40
SP1959 ........................................................... 0.42
SP2098 ........................................................... 0.28

a Sorted by their location on the genome to show clustering. Gene ID refers to TIGR4 locus tags. Bayesian P value of �0.0001 by CyberT, false discovery rate of
�0.002 for all genes.
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protein, respectively. SP1857, annotated as czcD, encodes a
protein homologous to cation exporters (36) and was the ex-
porter already identified as being involved in Zn2� resistance
(T. G. Kloosterman et al., submitted). A mutant generated in
this gene was indeed unable to grow in GM17 containing 500
�M ZnSO4 (Fig. 4A and B). Although the mutant was at least
ten times more sensitive to ZnSO4 than the parent strain, the
ratio in the GAF experiment was 0.43. In silico TacI restriction
analysis of the R6 nucleotide sequence of the homologue of
SP1857 and the chromosomal region surrounding it results in
a DNA fragment that contains SP1857, its promoter, and part
of the adjacent gene, SP1858 (Fig. 4C). As polar effects are
unlikely to occur, mutants containing a transposon inserted in
front of the czcD ORF probably have no growth defect in
GM17 plus ZnSO4 and will not disappear from the population.
The presence of such mutants in the library will result in a
DNA fragment that also hybridizes to the SP1857 amplicon,
which can explain why the ratio was close to 0.5. However, this
ratio was found to be significant by statistical analysis, and the
phenotype of the deletion mutant confirmed our GAF findings.
Thus, we have successfully developed GAF, as it correctly
identifies conditionally essential genes in S. pneumoniae.

DISCUSSION

Here, we describe the development of GAF for S. pneu-
moniae, a technique enabling genome-wide negative screens in
a high-throughput fashion. Selection for genes essential to
survive high-Zn2� concentrations with GAF correctly identi-
fied czcD as the main determinant for this resistance, which
was also shown in a study exploring the response of S. pneu-
moniae to zinc stress (T. G. Kloosterman et al., submitted).
One of the other genes identified in this screen, SP0857, en-
codes a putative ABC transporter, suggesting that it could be
involved in the secretion of Zn2�. The function of ilvE
(SP0856) in resistance to Zn2� stress is not immediately obvi-
ous; it could either be that mutation of this gene confers a
growth defect under these particular conditions or that there is
a polar effect of the insertion on SP0856 or the other two
downstream genes that encode membrane proteins. The func-
tion of these genes in Zn2� stress is currently under investiga-
tion. GAF has also been applied successfully to identify genes
essential for natural competence (our unpublished results),
and we are currently using it to identify genes essential in
several different disease aspects.

GAF has several advantages. Detection of transposon inser-

tion sites in a library is performed in a genome-wide manner
using microarrays, bypassing the need to generate mutants
with unique tags and/or store all mutants separately; this allows
for the use of large mutant libraries that have more than 10�
coverage of the genome. It also eliminates the need to se-
quence each individual mutant to determine the transposon
insertion site, which accelerates the whole screening procedure
and makes it possible to go from recovering the mutants after
selection to identifying all transposon insertion sites in about
one week.

Recently, several methods have been developed to identify
transposon insertion sites using microarrays (32, 33, 39). For
all these approaches it is important to reduce the number of
false positives, as the mutants are not stored separately and
site-directed mutants have to be generated to confirm that the
identified genes are indeed conditionally essential. Therefore,
we have looked carefully into the specificity and reproducibility

FIG. 4. czcD is a conditionally essential gene when S. pneumoniae
is grown under high-Zn2� conditions. (A) Growth of the wild type
(filled triangles) and a czcD deletion mutant (open triangles) in GM17.
(B) Growth of the wild type (filled triangles) and a czcD deletion
mutant (open triangles) in GM17 to which 0.5 mM ZnSO4 was added.
Results are representative of at least three replicate experiments; the
error bars indicate the standard deviations. OD595, optical density at
595 nm. (C) Schematic representation of in silico digestion of the R6
chromosomal region containing czcD and its neighboring genes with
TaqI. Arrows indicate the locations of genes, and gray rectangles
indicate the genomic regions that are present as amplicons on the
microarray.

TABLE 4. Summary of genes essential for surviving high-Zn2�

concentrations identified with GAFa

Gene ID Function Ratio (GM17 with
Zn2�/GM17)

SP1857 Cation efflux system protein CzcD 0.43
SP0856 Branched-chain amino acid

aminotransferase IlvE
0.47

SP0857 ABC transporter substrate
binding protein

0.48

a Genes were designated conditionally essential when the GM17/GM17 with
Zn2� ratio was �0.5, the Bayesian P value was �0.001, and the false discovery rate
was �0.05. Gene ID refers to TIGR4 locus tags; function is based on the TIGR
annotation (36).
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of these methods, an issue that is rarely addressed. We showed
that methods that use a PCR step or a combination of PCR
and adapters introduce a random selection of certain frag-
ments in the procedure when used on genome-wide libraries,
which leads to nonreproducible results. A similar effect was
observed by Tong et al., and they showed that this is not
dependent on the use of amplicon arrays (39). It seems more
likely that this random selection of certain fragments is caused
by the presence of more than 500 mutants at once, as sensitive
and specific results with PCR-based methods can be obtained
when small libraries (�500 CFU) or subpools of a large library
are used (39; results not shown).

When the PCR step is omitted and restricted DNA is used
directly as a template for an in vitro transcription reaction, the
detection of transposon insertion sites becomes reproducible
and specific (Fig. 3). We used the signal present on TIGR4-
specific amplicons for the generation of a background filter.
Application of this filter resulted in the detection of 66% of the
ORFs of strain R6 on our array, which is in agreement with the
proposed S. pneumoniae core genome consisting of 73% of
the TIGR4 ORFs (28). As expected, the set of nondetected genes
contained many essential genes or genes adjacent to essential
genes. The latter indicates that there are quite a number of
polar effects in the studies investigating the essential genes of
S. pneumoniae. Other nondetected genes are either hypothet-
ical or expected to be essential as they, for instance, encode
parts of the ribosome (e.g., SP0213, SP0214, and SP0232-
SP0233-SP0234; see Table S1 in the supplemental material). A
few undetected genes are represented by short amplicons, and
it could be that insertions in this region, combined with the
restriction enzymes used, do not generate fragments that hy-
bridize to these amplicons (this could be the case for, e.g.,
SP0540 to SP0548, which encode a putative bacteriocin
operon, and we do not expect these genes to be essential; see
Table S1 in the supplemental material). We also showed that
large genome-wide libraries (�20,000 CFU) generated with
marinerT7 and pGh9T7:ISS1 have a similar degree of satura-
tion but that each transposon is missing approximately 4% of
the total number of genes. These “blind spots” are probably
due to differences in the insertion site preferences of each
transposon, although the genes missed by marinerT7 do con-
tain its recognition site TA. This also shows that the duplica-
tion of pGh9T7:ISS1 in the genome (21) does not interfere
with the detection of the transposon insertion sites and that
this system is a good alternative for the marinerT7 system for
use in strains that do not have a high-transformation efficiency.

In contrast to transcriptome analysis, the severalfold change
obtained by GAF analysis bears no direct relation to the func-
tional impairment caused by mutation of a gene. For instance,
the ratio of czcD in the Zn2� stress GAF screen was 0.43, but
a deletion mutant was at least ten times more sensitive to
high-Zn2� concentrations than the wild type. This apparent
discrepancy has two probable causes. (i) The ratio is depen-
dent on the generated restriction fragments, which prevents
control over the length of the probes generated for hybridiza-
tion. It is conceivable that an essential gene is also represented
on a fragment derived from a transposon insertion in an adja-
cent, nonessential gene, thereby masking the effect of the dis-
appearance of the mutant in the conditionally essential gene.
This is probably the case for czcD. (ii) Not all transposon

insertions abolish gene function completely; however, these
mutants will also generate a signal during the GAF procedure,
again leading to a masking of the effect of the complete dis-
ruption of gene function. These effects are amplified when
large, complex libraries are used, which explains why the ratios
in the artificial go � g library GAF experiment are much
higher than those obtained when genome-wide libraries are
used.

In conclusion, GAF is a versatile, high-throughput method
for the identification of conditionally essential genes in S.
pneumoniae. GAF should be easily adaptable to other micro-
organisms, as the only prerequisites for this technique are the
availability of random (transposon) mutant libraries and a mi-
croarray.
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