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We applied a novel negative selection strategy called genomic array footprinting (GAF) to identify genes
required for genetic transformation of the gram-positive bacterium Streptococcus pneumoniae. Genome-wide
mariner transposon mutant libraries in S. pneumoniae strain R6 were challenged by transformation with an
antibiotic resistance cassette and growth in the presence of the corresponding antibiotic. The GAF screen
identified the enrichment of mutants in two genes, i.e., hexA and hexB, and the counterselection of mutants in
21 different genes during the challenge. Eight of the counterselected genes were known to be essential for
pneumococcal transformation. Four other genes, i.e., rad4, comGF, parB, and spr2011, have previously been
linked to the competence regulon, and one, spr2014, was located adjacent to the essential competence gene
comFA. Directed mutants of seven of the eight remaining genes, i.e., spr0459-spr0460, spr0777, spr0838,
spr1259-spr1260, and spr1357, resulted in reduced, albeit modest, transformation rates. No connection to
pneumococcal transformation could be made for the eighth gene, which encodes the response regulator RR03.
We further demonstrated that the gene encoding the putative DNA repair protein RadA is required for efficient
transformation with chromosomal markers, whereas transformation with replicating plasmid DNA was not
significantly affected. The rad4 mutant also displayed an increased sensitivity to treatment with the DNA-
damaging agent methyl methanesulfonate. Hence, RadA is considered to have a role in recombination of donor

DNA and in DNA damage repair in S. preumoniae.

The gram-positive bacterium Streptococcus pneumoniae is an
important opportunistic human pathogen. In healthy carriers,
it resides asymptomatically in the nasopharynx, but in suscep-
tible individuals, mostly children, the elderly, and immunocom-
promised patients, the pathogen can spread to other organs to
cause disease, such as pneumonia, otitis media, or meningitis.
Aspects that hamper the development of therapeutic and pro-
phylactic tools against S. pneumoniae are its immense genetic
diversity and adaptability. Vaccine efficacy, for example, is
limited by the over 90 different capsular serotypes of S. pneu-
moniae (28), and major surface proteins, such as PspA, exist in
different immunoreactive families (29). A major cause for this
variation is the ability of S. pneumoniae to take up DNA from
its environment via natural genetic transformation.

Natural genetic transformation is a complex mechanism,
occurring in various gram-positive organisms, which requires
the assembly of a multicomponent DNA translocon in the cell
membrane as well as the presence of multiple cytoplasmic
factors involved in processing and integration of foreign DNA
into the genome. In S. pneumoniae, competence for genetic
transformation is regulated by a two-component signal trans-
duction system (TCS) that is induced by a small heptadecapep-
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tide pheromone known as the competence stimulating peptide
(CSP) (27, 51). This small peptide is secreted into the medium,
and its accumulation in exponentially growing pneumococcal
cultures is sensed by the TCS in the cell envelope, which leads
to the activation of a regulatory pathway that controls the
expression of most other genes now known to be required for
DNA uptake, binding, and processing (Fig. 1). In addition,
competence development appears to be involved in several
other aspects of the pneumococcal life cycle. Some of these,
such as selective lysis of neighboring cells, named fratricide
(23), may be important for acquiring DNA. In other cases,
competence appears to be induced more as a general response
to (antibiotic) stress (17, 56) or as a signal to initiate the
formation of pneumococcal biofilms (48).

The application of various techniques has led to the identi-
fication of genes that are directly involved in development of
pneumococcal competence and transformation. Already in the
late 1970s, Morrison and Baker had identified 14 competence-
related proteins by analysis of protein expression profiles (46).
Research on pneumococcal transformation was boosted with
the availability of synthetic CSP, enabling more reproducible
transformation rates (26), and with the application of novel
genetic tools, such as insertion duplication mutagenesis (40,
47), differential fluorescence induction (6), and other tran-
scriptional reporter strategies (13, 52). Upon the release of
pneumococcal genome sequences (21, 30, 62), transcriptome
analyses using microarrays revealed the truly complex nature
of the competence regulon, which drives the expression of at
least 124 genes (18, 53). Interestingly, only 22 of the genes
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FIG. 1. Regulation of genes essential for pneumococcal transformation. The precursor of CSP is the gene product of comC, which is processed
and excreted into the medium by the ComAB ABC transporter. The accumulation of CSP in exponentially growing pneumococcal cultures is
sensed by the ComD histidine kinase in the bacterial membrane. Subsequent phosphorylation of the cytoplasmic response regulator ComE leads
to increased CSP production and to ComX1/X2 synthesis. Except for the endA gene, these alternative sigma factors control the expression of all
genes required for DNA uptake and processing. In addition, they induce the expression of approximately 100 other genes that are not essential
for pneumococcal transformation. Dotted arrows in the figure indicate activation of the promoters (black rectangles) by the transcriptional
regulator ComE and alternative sigma factors ComX1 and ComX2. Genes in competence operons with no known role in pneumococcal

transformation are shown as dotted boxes.

regulated by CSP, together with the endA gene, have thus far
been shown to be indispensable for proper pneumococcal
transformation.

Recently, novel technologies have been developed to iden-
tify conditionally essential genes of bacteria by using microar-
rays to track large transposon mutant libraries before and after
a challenge of choice (4, 59). In these approaches, mutant-
specific microarray probes are generated by PCR amplification
of the DNA adjacent to the transposon insertion site or by in
vitro transcription from promoters engineered at the ends of
transposons. Microarray hybridization patterns of these probes
reveal which mutants disappear during challenge and, conse-
quently, which genes are conditionally essential. We developed
a similar negative selection strategy, called genomic array foot-
printing (GAF), for use with S. pneumoniae and have success-
fully applied this technology to identify genes essential for
survival during zinc stress (12). Given the pivotal role of com-
petence development in the pneumococcal life cycle, we used
GAF in an attempt to identify the full complement of genes
specifically essential for genetic transformation. To this end,

mariner transposon mutant libraries were challenged by trans-
formation with an antibiotic resistance cassette and growth in
the presence of the corresponding antibiotic. In this study, we
show that many genes expected to be essential for pneumo-
coccal transformation in our experimental setup could readily
be identified by GAF. In addition, we discuss the identification
of several genes that have previously not been associated with
this process. Finally, we demonstrate that one of these genes,
encoding the RadA DNA repair protein, is essential for effi-
cient pneumococcal transformation with DNA that needs to be
integrated into the chromosome.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. S. pneumoniae was routinely grown in
GM17 broth (33) or on GM17 agar plates or Colombia agar (Oxoid) plates
supplemented with 5% sheep blood (Biotrading) at 37°C and 5% CO,. For
transformation, S. pneumoniae was grown as standing cultures in cCAT medium
(10 g liter ! Casamino Acids [Difco], 5 g liter ! tryptone [Difco], 10 g liter !
yeast extract [Difco], 5 g liter ! NaCl, 16 mM K,PO,, 0.2% glucose, and 0.15 g
liter ™! glutamine) or CTM medium (cCAT medium supplemented with 0.2%
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant features” Reference
Strains
S. pneumoniae
R6 Unencapsulated derivative of D39 30
D39 (FP22) D39 with cps gene locus replaced by Km" cassette; 49
template for Acps PCR product
D39 AaliA D39 with aliA gene replaced by Erm" cassette 32
TIGR4 Wild-type strain; serotype 4 62
TIGR4 (FP23) TIGR4 with cps gene locus replaced by Km" cassette 49
CP1250 Unencapsulated derivative of Rx and D39 51
E. coli
DHS5a Host for plasmids pR412T7 and pR410 24
L. lactis
LL108 Host for plasmid pNG8048E 42
Plasmids
pR412T7 Donor for mariner transposon, conferring Sp'; contains 12
T7 promoter; Amp"
pR410 Donor for mariner transposon, conferring Km"; Amp” 61
pNGS8048E Replicating plasmid derived from pNZ8048; Erm" Cm" 33

“ Km?", kanamycin resistance; Erm", erythromycin resistance; Sp*, spectinomycin resistance; Amp’, ampicillin resistance; Cm", chloramphenicol resistance.

bovine serum albumin and 1 mM CaCl,), and transformants were selected on
cCAT medium or blood agar plates. Escherichia coli was grown at 37°C on
Luria-Bertani (LB) agar plates or in LB broth in a shaking incubator. Lactococ-
cus lactis was grown at 30°C on GM17 agar plates or as standing cultures in
GM17 broth. When indicated, antibiotics were used at the following concentra-
tions: spectinomycin, 150 wg ml~!; kanamycin, 500 pg ml~'; erythromycin, 0.25
pg ml~ ' chloramphenicol, 2.5 wg ml™~"! for S. pneumoniae and 5 pg ml~! for L.
lactis; and ampicillin, 100 pg ml~%.

General DNA techniques. Chromosomal DNA was isolated from pneumococ-
cal cultures by cetyltrimethylammonium bromide extraction as described previ-
ously (64). Plasmids were isolated from E. coli or L. lactis broth cultures by use
of a HighSpeed Plasmid Midi kit (QIAGEN Benelux B.V.). For in vitro trans-
poson mutagenesis (37), 1 pg of pneumococcal DNA was incubated in the
presence of purified HimarC9 transposase (36), with 0.5 pg of plasmid pR412T7
(12) or pR410 (61) as the donor for mariner transposons conferring spectinomy-
cin or kanamycin resistance, respectively. The resulting transposition products
were repaired with T4 DNA polymerase and E. coli DNA ligase (25). The Acps
locus of S. pneumoniae strain D39 (FP22) was PCR amplified with primer pair
FI4 and PE21 (49), using Tag DNA polymerase (Integro). PCR conditions were
as follows: 93°C for 4 min; 30 cycles of 93°C for 30 s, 55°C for 1 min, and 72°C
for 2 min; and 72°C for 4 min. Acps PCR products were purified by ethanol
precipitation and dissolved in H,O.

Genetic transformation of S. pneumoniae. Preparation and transformation of
precompetent S. pneumoniae cell stocks were performed essentially as described
previously (44). Briefly, cCAT medium was inoculated with several colonies and
grown to an optical density at 600 nm (ODy,) of 0.25 to 0.3. After a 30-fold
dilution of the culture in CTM medium, cells were grown to an ODgq, of 0.1,
pelleted, concentrated 10-fold in CTM-pH 7.8 (CTM medium adjusted to pH 7.8
with NaOH) containing 15% glycerol, and stored at —80°C. For transformation,
precompetent cells were grown for 15 min at 37°C in a 10-fold volume of
CTM-pH 7.8 supplemented with 100 ng/ml CSP-1, for strains R6 and CP1250, or
CSP-2, for the TIGR4 strain. After the addition of DNA, cultures were incu-
bated at 32°C for 30 min and then shifted to 37°C. One hour after the temper-
ature shift, transformants were selected on solid medium supplemented with the
proper antibiotics. DNA uptake efficiencies of wild-type and mutant strains were
probed by transformation with 1 pg ml~! chromosomal DNA or PCR product or
0.1 pg ml~! plasmid DNA. At least three independent transformation experi-
ments were performed, and transformation efficiencies are given as percentages
of that of the wild-type strain or a 2,500-CFU mutant library.

Construction and challenge of transposon mutant libraries. To obtain pneu-
mococcal mariner transposon mutant libraries, CSP-induced precompetent S.
pneumoniae R6 cells were transformed with 1 pg ml™! of pR412T7-mutagenized
R6 chromosomal DNA. After a 1-hour incubation at 37°C, precompetent stocks
of these mutant libraries were prepared by diluting the transformation culture
100-fold in cCAT medium. Subsequent steps were performed as described above.
To counterselect for nontransformants, cCAT and CTM media were supple-

mented with spectinomycin. The transposon mutant library was challenged for
DNA uptake by transformation with 1 wg ml~! Acps PCR product. Transfor-
mants were selected by growth in cCAT medium supplemented with spectino-
mycin and kanamycin. For the kinetics experiment, in which the effect of growth
time on the selection of genes required for DNA uptake was assessed, a single
transformation culture was used. Samples were taken at approximately 15, 18, 21,
and 24 generations of growth, while at the same times cultures were diluted
eightfold in fresh medium. For the challenge and control experiments, at least
three independent transformation experiments were performed, and the growth
time was approximately 25 generations. Generation times were estimated by
measuring the ODg,, and were confirmed by counting the CFU of serially
diluted samples on selective solid medium.

GAF. The GAF technology was performed essentially as described previously
(12). Briefly, chromosomal DNA extracts from the challenged and nonchal-
lenged mutant libraries were digested with the Alul (New England Biolabs) and
TaqI (Invitrogen) endonucleases, which cut the genome 9,985 and 4,832 times,
respectively. The resulting DNA fragments were used as a template for an in
vitro T7 RNA polymerase reaction (T7 MegaScript; Ambion). After removal of
template DNA by DNase I treatment, fluorescent Cy3/Cy5-labeled dUTP nu-
cleotides (GE Healthcare) were incorporated by reverse transcription, using
Superscript IIT (Invitrogen). Fluorescently labeled DNA probes were combined
and hybridized in Slidehyb buffer 1 (Ambion) to pneumococcal microarrays,
which are superamine glass slides spotted with duplicates of amplicons repre-
senting 2,087 S. pneumoniae TIGR4 open reading frames (ORFs) and 184 ORFs
unique to R6 (34). The microarrays were incubated for 16 h at 45°C and then
washed with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate;
Invitrogen) containing 0.25% sodium dodecyl sulfate for 5 min, followed by two
washes, with 1X SSC and 0.5X SSC, for 5 min each. Finally, the slides were
dipped into H,O and dried by centrifugation.

Microarray analysis. Dual-channel array images were acquired on a GenePix
4200AL microarray scanner and analyzed with GenePix Pro software (Axon
Instruments, Union City, CA). Spots were screened visually to identify those of
low quality. Slide data were processed and normalized using MicroPreP as
described previously (63). Net signal intensities were calculated using a grid-
based background subtraction. Automatically and manually flagged spots and
spots with low background-subtracted signal intensities (sum of Cy3 and Cy5 net
signals, <700) were filtered out of all data sets prior to analysis. For the kinetics
experiment, only genes with data available from all array experiments were
analyzed. DNA microarray data for the challenge experiments with the full-
genome transposon mutant library were obtained from three (control) or four
(challenge) independent biological replicates and analyzed using Cyber-T Stu-
dent’s ¢ test for paired data (43; http://visitor.ics.uci.edu/genex/cybert/index
.shtml). The following selection criteria were applied: for the control experiment,
a minimum of five reliable measurements, and for the challenge experiment, a
minimum of seven reliable measurements; a Bayes P value of <0.001; and a false
discovery rate of <0.05.
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Construction of deletion mutants. A megaprimer PCR method was employed
to replace target genes in the genomes of S. pneumoniae strains R6, CP1250, and
TIGR4 with the spectinomycin resistance cassette of plasmid pR412T7. Details
of the primer sequences are available on request. The spectinomycin resistance
cassette of plasmid pR412T7 was amplified using primers PBpR412 L and
PBpR412_R. Flanking regions of ~500 bp, containing less than 150 bp of the
coding sequence of the target genes, were amplified by PCR, with chromosomal
DNA as the template and the following PCR conditions: 93°C for 4 min; 35
cycles of 93°C for 30 s, 55°C for 1 min, and 68°C for 1.5 min; and 68°C for 4 min.
For each flanking region, the primer closest to the target gene (extension plus
_L2 or _R2) contained an additional sequence complementary to primer
PBpR412_L or PBpR412_R. In a second PCR, the PCR products of the two
flanking regions and the antibiotic resistance cassette were combined, leading to
incorporation of the antibiotic resistance cassette between the two flanking
regions of the target gene. The PCR conditions were as follows: 93°C for 4 min;
30 cycles of 93°C for 30 s, 55°C for 1 min, and 68°C for 3 min; and 68°C for 7 min.
In both PCRs, Pwo DNA polymerase (Roche) was used, and the MgSO, con-
centration was optimized for each reaction. DNA constructs were introduced
into S. pneumoniae via transformation. Correct integration of the antibiotic
resistance cassette into the target gene was validated by a PCR using Tag DNA
polymerase and a combination of flanking primers (extension plus _L1 or _R1)
with gene-specific primers (extension plus _C) or the cassette-specific primer
PBMrTn7. PCR conditions were as follows: 93°C for 4 min; 35 cycles of 93°C for
30 s, 55°C for 1 min, and 72°C for 1.5 min; and 72°C for 4 min.

MMS sensitivity assay. For methyl methanesulfonate (MMS) survival analysis,
cells were grown in GM17 medium to the exponential stage (ODgy = 0.15 to
0.2) and then exposed to 0.1% MMS at 37°C for different times. To score the
survival of cells, exposed cell cultures were serially diluted in phosphate-buffered
saline and plated onto Columbia sheep blood agar plates for overnight growth.
The experiment was repeated three times.

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 number GSE8362.

RESULTS

Identification of pneumococcal genes essential for efficient
genetic transformation by GAF technology. To identify genes
essential for pneumococcal transformation using GAF tech-
nology, we transformed mariner transposon mutant libraries of
the unencapsulated S. pneumoniae strain R6 with donor DNA
containing an antibiotic resistance marker and counterselected
the transformants for transformation-defective mutants by
growth under selective pressure. Transformed mutant libraries
that were grown without selective pressure were used as con-
trols. The donor for antibiotic resistance was the PCR product
of a capsule gene locus knockout (KO; Acps), consisting of a
kanamycin resistance cassette flanked by parts of the dexB and
alid genes, which replaces the entire cps locus during integra-
tion into the chromosome (49). Since capsule production in the
R6 strain is already impaired, i.e., the first nine genes of the
capsule gene cluster are absent or truncated (30), the number
of mutant-specific growth defects as a result of the insertion
was expected to be low. Transformation rates obtained with
the Acps PCR product were typically 100,000 per ml of com-
petent cells, and we extrapolated that a mutant library should
contain fewer than 5,000 unique transposon mutants per ml to
give each mutant ample (20-fold) opportunity to acquire the
antibiotic resistance cassette.

In our approach, chromosomal DNA from cultured mutant
libraries was used to generate mutant-specific probes by con-
secutive endonuclease fragmentation and in vitro transcription
of the T7 promoter sequences engineered at the ends of the
mariner transposon. It was expected that DNA of nontrans-
formed cells, which do not survive antibiotic selective pressure,
could still affect the outcome of the GAF screen by interfer-
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FIG. 2. Challenge kinetics of alterations in the relative abundance
of mutants in comEC (M), coiA (®), comGD (V), and comD (X) genes
in a 2,500-CFU mutant library. Challenged and nonchallenged mutant
libraries were grown for about 15, 18, 21, or 24 generations, and signal
intensity ratios for each gene were determined by GAF. The average
absolute ratio (@) was calculated at different time points, excluding
known competence genes and genes in the Acps PCR product. The
dotted line indicates a signal intensity ratio of 1.

ence with probe synthesis and subsequent microarray analysis.
To study if we could reduce this background effect by increas-
ing growth times, thus decreasing the relative abundance of
DNA derived from nontransformed cells in the total DNA
extract, we performed a kinetics experiment. A small mutant
library of about 2,500 CFU was transformed and grown under
selective pressure for about 15, 18, 21, or 24 generations before
DNA extraction. GAF analysis using Taql endonuclease for
DNA fragmentation revealed that the ratios of signal intensi-
ties of genes known to be required for efficient pneumococcal
transformation, such as coid, comEC (celB), comGD (cgID),
and comD, decreased with an increasing number of genera-
tions, reaching a plateau at 21 to 24 generations (Fig. 2). At the
same time, the mean absolute ratio of all genes, excluding the
23 known to be involved in transformation (53) and the genes
replaced by the Acps PCR product, did not alter significantly
over the different time points (Fig. 2). These results imply that,
overall, the stoichiometry of the mutants within the challenged
mutant library remained unaffected by increased growth times,
whereas the outcome of the GAF screen improved consider-
ably. During this analysis, we noticed several apparent false-
positive results, i.e., genes with no known role in genetic trans-
formation but localized adjacent to transformation-related
genes such as coid (data not shown). To address this issue, we
repeated GAF on the 24th-generation samples, using Alul
instead of Taql endonuclease. Since Alul cuts the genome
twice as often as Taql, fewer DNA fragments will represent
multiple genes. Indeed, genes adjacent to coi4 were no longer
picked up, while known competence genes were still reliably
identified (data not shown). Consequently, to reduce the
chance of selecting genes adjacent to transformation-related
genes, the next set of experiments was performed using Alul.

To screen the entire genome of S. pneumoniae strain R6 for
genes essential for genetic transformation, we constructed a
mutant library of about 40,000 CFU. Since 2,043 genes have
been predicted for the R6 strain (30), this amounts to almost
20-fold coverage of the genome, which can be considered close
to saturation. After transformation with the Acps PCR prod-
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TABLE 2. Genes identified by GAF as being involved in pneumococcal transformation

Essential for

Gene Common name* Function? b Reference Ratio®
competence
Negatively selected
spr0025 radA DNA repair No 53 0.36
spr0344 03 Response regulator No 38 0.50
spr0459 ABC transporter, ATP-binding protein - 0.49
spr0460 ABC transporter, permease - 0.49
spr0777 Putative permease - 0.50
spr0838 Tetrapyrrole methylase/cell division protein - 0.45
spr0857 comEC (celB) DNA pore Yes 52 0.14
spr0881 coiA DNA processing Yes 40 0.17
spr1259 NOL1/NOP2/sun family, RNA methylase - 0.30
spr1260 Inositol monophosphatase - 0.55
spr1357 Putative permease - 0.36
sprl779 endA Endonuclease, degradation of donor strand Yes 35, 57 0.54
spr1858 comGG (cglG) Cell wall channel Yes 53 0.44
spr1859 comGF (cglF) Cell wall channel - 0.35
spr1863 comGB (cgIB) ComGC-GG export Yes 52 0.16
spr1864 comGA (cglA) ComGC-GG export Yes 52 0.11
spr2011 Ribosomal subunit interface protein No 53 0.48
spr2013 comFA (cflA) Putative helicase/DNA translocase Yes 40 0.51
spr2014 Hypothetical protein - 0.46
spr2042 comD Sensor for CSP Yes 27, 51 0.17
spr2046 parB Chromosome segregation protein No 53 0.41
Positively selected

spr0160 hexB DNA mismatch repair No 55 34
spr1888 hexA DNA mismatch recognition No 5,16 4.5

“ Names and functions of genes were derived from the NCBI (http://www.ncbi.nlm.nih.gov/) and KEGG (http://www.kegg.com/) websites.
> Competence data were obtained from the cited references. Yes, essential; no, not essential; —, unknown.
¢ Ratios of signal intensities of genes derived from microarray data (intensity when challenged/intensity when not challenged).

uct, the mutant library was grown under selective antibiotic
pressure for approximately 25 generations before extraction of
chromosomal DNA and GAF analysis. As a control, we ana-
lyzed three replicates of mutant libraries that were trans-
formed and grown without selective antibiotic pressure. This
showed that the maximal signal intensities varied by a factor of
<1.2 due to growth and labeling alone (data not shown). Al-
though we expected mutants of each gene with a signal alter-
ation above this value to have altered transformation efficien-
cies, we decided to use a signal intensity difference between the
unchallenged and challenged libraries of 1.8-fold to ensure that
changes in transformation efficiency were significant. After ex-
cluding the genes present on the cps locus, 23 genes met this
criterion after challenge (Table 2). Interestingly, two genes
were found to have increased signals, suggesting that the cor-
responding mutants had become more abundant during chal-
lenge due to increased transformation efficiencies compared to
that of the wild-type strain. These genes code for the HexA and
HexB mismatch repair proteins, which play a role during ho-
mologous recombination (15). In the absence of either HexA
or HexB, mismatches between donor DNA and the genome
are not recognized and excised, resulting in increased integra-
tion efficiencies (5, 16, 55). The signal decreases observed for
the other 21 genes indicated that the corresponding mutants
had become less abundant during challenge, implying that
these genes are putatively essential for efficient pneumococcal
transformation in our experimental setup. Eight of the ob-
served genes, i.e., comGA (cglA), comGB (cglB), comGG
(cglG), comD, coiA, comEC, comFA (cflA), and endA, have
previously been described to be essential for efficient pneumo-
coccal transformation (11, 27, 35, 40, 51, 52, 57). Interestingly,

we also identified comGF (cglF), which is part of the comG
operon and most likely encodes a component of the DNA
translocon (40). However, the appearance of comGF in this
GAF screen could also be the result of polar effects of a
transposon insertion in this gene on the expression of the other
genes in this operon. Alternatively, loss of the comGF signal
could be the consequence of the disappearance of mutants in
comGG, as these two genes share an Alul fragment. The same
holds true for spr2014, which shares an Alul restriction frag-
ment with comFA. Interestingly, several genes we selected,
namely radA (spr0025), spr2011, and parB (spr2046), have pre-
viously been described to be part of the competence regulon.
Although expression of these genes was found to be upregu-
lated during competence development, no substantial effect of
their mutation on transformation has been seen (53). Most
likely, the spr2011 gene was identified because it shares an
Alul fragment with the comFC (cfIB) gene (spr2012), which is
essential for pneumococcal transformation (53). The comFC
gene itself was not identified in our analysis. This suggests that
the probe generated by the transposon insertion in the comFC
gene, which also anneals to the spr2011-specific amplicon, an-
neals less efficiently to the comFC-specific amplicon itself. The
parB gene is in the same operon as the htr4 gene (spr2045),
encoding the serine protease HtrA with a putative general
chaperone function (22). It has previously been shown that
overexpression of this gene can lead to decreased competence
development and transformation rates (60). Possibly, transpo-
son mutants in parB affect htrA expression levels and, indi-
rectly, transformation rates. For these reasons, the relationship
between pneumococcal transformation and the spr2011 and
parB genes was not studied further in this work. For eight
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FIG. 3. Transformation of S. pneumoniae R6 mutant strains and a
2,500-CFU mutant library with the Acps PCR product. Transformation
efficiencies are given as percentages relative to that of the 2,500-CFU

mutant library. Data were obtained from three independent experi-
ments and are presented as means = standard deviations.

genes that were found in the challenge, no connection with
competence development and/or genetic transformation could
be made based on present knowledge; these included genes
coding for the response regulator RR03 (spr0334), a putative
ABC transporter system (spr0459 and spr0460), a putative
inositol monophosphatase (spr1260), and four hypothetical
proteins. Orthologs of the hypothetical ORFs in the TIGR4
genome are annotated as encoding putative methylases
(spr0838 and spr1259), a cell division protein (spr0838), and
permeases (spr1357 and spr0777).

Phenotypic validation of genes identified during GAF. To
examine whether the eight putative transformation genes
picked up by GAF and the radA4 gene are indeed required for
efficient pneumococcal transformation, directed KO mutants
in S. pneumoniae strain R6 were generated by allelic replace-
ment with a spectinomycin resistance cassette. Since the
spr0459 and spr0460 genes are likely to encode one ABC
transporter system, a single mutant disrupting both genes was
constructed. KO mutants for genes encoding elements of com-
petence regulation (comE), the DNA translocon (comEC),
and DNA processing (coid) were included as positive controls.
Transformation efficiencies of the mutant strains were deter-
mined by using the Acps PCR product as the donor of foreign
DNA and were compared to the efficiency of a mutant library
(Fig. 3). As expected, genetic transformation was completely
abolished for both the comE and comEC mutants and was
reduced to approximately 5% of the mutant library level for
the coi4 mutant. Of the eight mutants that were tested, only
three, i.e., the radA, spr1259, and spr0838 mutants, had trans-
formation efficiencies of 10% or lower, and they were consid-
ered to be affected in genetic transformation in our experimen-
tal setup. For four other mutants, i.e., the spr0459 spr0460,
spr0777, spr1260, and spr1357 mutants, the transformation
efficiency had not decreased below 10%, and the effects of
these genes on competence could be considered modest, at
best. Most likely, the spr1260 gene was identified because it
shares an Alul restriction fragment with the spr1259 gene. For
the Arr03 mutant, no decrease in transformation efficiency was
observed. To rule out the possibility that altered growth rates
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of the mutants that displayed no or modest effects on trans-
formation efficiency caused them to disappear from the mutant
library, we performed growth experiments. However, no clear-
cut growth defects of the mutants were observed before and
after transformation with the Acps PCR product (data not
shown). Furthermore, we tested whether these mutants had
more prominent alterations in their transformation efficiencies
when they were transformed in mixed cultures of mutant and
wild-type strains, a situation which is more similar to the ex-
perimental setup of the GAF screen itself. However, this was
not the case (data not shown). Hence, the appearance of the
spr0459-spr0460, spr0777, and spr1357 genes in the GAF
screen was most likely the result of the modestly decreased
transformation efficiencies of their mutants. It remains unclear
why the 703 gene was picked up in this GAF screen.

To probe if the transformation defects in the radA, spr0838,
and spr1259 mutants were Acps PCR product specific, we per-
formed two additional transformation experiments, one with in
vitro transposition products of R6 chromosomal DNA with the
mariner transposon from plasmid pR410 (kanamycin resis-
tance) and one with chromosomal DNA of an Aali4 strain
(erythromycin resistance). The first type of donor DNA was
expected to give random genomic insertions, ruling out any
gene-specific effects on transformation rates, whereas the sec-
ond has a different antibiotic marker in a gene that is not
required for in vitro growth. Interestingly, with both types of
donor DNA, the spr0838 and spr1259 mutants no longer dis-
played reductions of their transformation rates (Fig. 4A and
B), making a general role of these genes in pneumococcal
transformation highly unlikely. Possibly, the deletion of the
remnants of the R6 capsule genes caused some phenotypic
change in connection with these two genes. For the rad4 mu-
tant, the transformation rate increased slightly, to 10% of the
mutant library level, which is still twofold lower than that of the
coiA mutant with these types of donor DNA. This suggests that
the radA gene is required for efficient pneumococcal transfor-
mation in general.

Function of RadA in pneumococcal competence. For both E.
coli and Bacillus subtilis, RadA has been shown to be involved
in genomic recombination of donor DNA during transforma-
tion (8, 14). To probe if this is also the case for pneumococcal
RadA, we performed transformation experiments with plasmid
pNGB8048E, which does not need to recombine with the ge-
nome for replication. For the comE and comEC mutants,
which are both essential for uptake of DNA, transformation
with plasmid DNA was completely abolished (Fig. 5). Disrup-
tion of the coid gene, which is required for efficient recombi-
nation of internalized donor DNA with the pneumococcal ge-
nome, had no negative impact on transformation with the
replicating plasmid. Also, the rad4 mutant had transformation
rates close to the wild-type level with this type of donor DNA.
This indicates that RadA is required for efficient integration of
donor DNA into the chromosome but not for efficient uptake
of replicating plasmid DNA into the cell.

In a previous study, radA was found to be the third gene of
a putative CSP-induced operon composed of six genes (53). In
that study, disruption of the last five genes of this putative
operon in the Rx derivative strain CP1250 was found to have
no impact on pneumococcal transformation with integrative
DNA (53). To assess if this apparent inconsistency with our
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FIG. 4. Transformation of S. pneumoniae R6 mutant strains and a
2,500-CFU mutant library with pR410-mutagenized R6 DNA (A) or
D39 AaliA chromosomal DNA (B). Transformation efficiencies are
given as percentages relative to that of the 2,500-CFU mutant library.
Data were obtained from three independent experiments and are
presented as means = standard deviations.

findings was strain specific, we constructed rad4 mutants in the
TIGR4 and CP1250 backgrounds to probe their transforma-
tion efficiencies. Since the CP1250 strain contains a type 3
capsule gene cluster (inactive) (58), which is one of the few
capsule types that is not flanked by the ali4 gene (10), it was
not possible to efficiently transform the CP1250 wild-type
strain with the Acps PCR product. To overcome this constraint,
we used chromosomal DNA from an unencapsulated D39
(FP22) strain as donor DNA for transformation of the R6 and
CP1250 strains and DNA of an unencapsulated TIGR4 (FP23)
strain (49) for TIGR4 transformation. Similar to the R6 radA
mutant, the TIGR4 and CP1250 radA mutant strains were
almost completely deficient for transformation (Fig. 6). This
demonstrates that the requirement for the rad4 gene for pneu-
mococcal transformation with integrative DNA is conserved at
least between the R6, CP1250, and TIGR4 strains. We also
disrupted the last five genes of the putative rad4 operon (an-
notated as four genes for R6) in the CP1250 and R6 strains to
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FIG. 5. Transformation of S. pneumoniae R6 mutant and wild-type
strains with replicating plasmid pNG8048E. Transformation efficien-
cies are given as percentages relative to that of the wild-type (w.t.)
strain. Data were obtained from three independent experiments and
are presented as means * standard deviations.

probe if these mutants would behave differently from the single
radA gene KO strains. Interestingly, both the R6 and CP1250
spr0024-spr0027 mutant strains had severe growth problems in
the CTM medium that we used for transformation assays, and
consequently, their transformation efficiencies could not be
determined.

In addition to a role in recombination of DNA during trans-
formation, RadA has also been described to contribute to
DNA damage repair in E. coli and B. subtilis (8, 14). To assess
if the product of the identified gene has a similar function in S.
pneumoniae, we compared survival rates of the rad4 mutant
and the wild-type R6 strain after treatment with MMS. The
radA mutant displayed an increased sensitivity to treatment
with the MMS mutagen (Fig. 7), which is indicative of a role of
RadA in DNA repair. No effect of the rad4 mutation on
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FIG. 6. Transformation of S. pneumoniae R6, CP1250, and TIGR4
wild-type and AradA mutant strains with chromosomal DNA from the
D39 Acps and TIGR4 Acps strains. Transformation efficiencies are
given as percentages relative to those of the wild-type (w.t.) strains.
Data were derived from three independent experiments and are pre-
sented as means * standard deviations.
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FIG. 7. MMS sensitivity assay results. Exponentially growing cul-
tures of S. pneumoniae R6 wild-type (solid line) and rad4 mutant
(dotted line) strains were incubated at 37°C with 0.1% MMS, and
survival of the cells was determined at the indicated time points.
Survival rates are given as percentages relative to the number of cells
present before the addition of MMS. Data were derived from three
independent experiments and are presented as means * standard
deviations.

sensitivity to ionizing radiation (UV light) was observed (not
shown).

DISCUSSION

With the availability of genome sequences, classical methods
to solve biological issues are rapidly being complemented with
novel genome-wide approaches. Recently, we described a
novel genomic approach in which microarrays are used to track
transposon mutants within genome-wide mutant libraries of S.
pneumoniae (12). In the present study, we applied this tech-
nology (GAF) to the complex biological process of pneumo-
coccal competence by addressing which genes are essential for
transformation.

In a mutant library of 40,000 CFU, we identified 21 genes
whose mutants disappeared during a challenge for DNA up-
take. Only eight genes found in our screen have been described
previously as being essential for pneumococcal transformation.
The remainder of the 23 genes known to be required for this
process (53) were not identified directly by applying GAF. In
part, this was a consequence of our experimental design. The
addition of synthetic CSP obviates the need for the CSP syn-
thesis and efflux pathway, encoded by the comAB and comC
genes (26, 31). Furthermore, small differences in growth due to
transposon insertions might result in a loss of mutants while
generating a mutant library. For example, mutants in the rec4
gene, which is required for DNA recombination into the ge-
nome, are impaired in growth and were therefore less likely to
be present in our initial library (40). Certain aspects of the
competence regulon itself and characteristics of single mutants
may affect the outcome of GAF as well. Two copies of the gene
encoding the ComX alternative sigma factor, comXI and
comX2, are present on the R6 genome, and single mutants are
not affected in transformation efficiency (41). On the other
hand, a number of mutants will not show up due to techno-
logical limitations of the GAF procedure itself. For instance,
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transposon insertions in short genes that have multiple Alul
restriction sites, such as comGC (cglC), are unlikely to gener-
ate GAF probes long enough for efficient hybridization to the
corresponding amplicon on the array (12). Moreover, several
genes, such as comW, comGD, comEA, comFC, and ssbB, are
located on Alul fragments that also carry adjacent genes that
are not essential for competence, resulting in reduced alter-
ations in signal intensity. This phenomenon was exemplified by
the identification of comGD in the 2,500-CFU mutant library
of the kinetics experiment but not in the 40,000-CFU mutant
library of the genome-wide GAF screen. Interestingly, other
studies have also reported limitations in using pneumococcal
mutant libraries for the identification of competence genes.
While utilizing insertion duplication mutagenesis, Lee and co-
authors (40) failed to identify mutants in the comCDE and
several other transformation-specific loci, whereas they ex-
pected their 20,000-CFU mutant library to be saturating as
well. Moreover, three large-scale signature-tagged mutagene-
sis screens did not identify mutants in capsule genes to be
essential for virulence in various models of pneumococcal dis-
ease (25, 39, 54), even though unencapsulated mutants are
avirulent. This suggests that the construction and maintenance
of pneumococcal mutant libraries that represent mutants in
most genes are difficult.

In addition to known competence genes, we identified 13
genes previously not shown to be required for pneumococcal
transformation. As anticipated, some of them were adjacent to
genes known to be essential for transformation, i.e., comGF,
spr2011, and spr2014, or near genes that could affect compe-
tence development and transformation indirectly, i.e., parB.
However, most of the mutants in the nine remaining genes,
which were clustered in seven loci, were indeed at least slightly
impaired in efficient pneumococcal transformation in our ex-
perimental setup. Interestingly, most genes whose KO mutants
had slightly decreased transformation efficiencies, i.e., spr0459-
spr0460, spr0777, and spr1357, encode parts of putative ABC
transporters and/or permeases. This class of proteins is espe-
cially recognized for a role in the import of a variety of sub-
strates and might therefore be necessary to feed the process of
competence development. Also, other permeases have been
shown to influence competence. A mutant of the AliB oli-
gopeptide transporter is almost completely defective in com-
petence development (1, 50), although its transformation in
the presence of synthetic CSP remains unaffected (2). Several
metal ion importers were shown to be important for transfor-
mation as well (19, 20). Further study on the substrate speci-
ficities of the permeases identified in this work should help to
reveal their role in pneumococcal transformation.

Only the appearance of the 1703 gene in the GAF screen
remains unexplained. A role for this gene in competence is not
supported by earlier studies (38) or by our own experiments. It
is also unlikely that polar effects of /703 mutants on adjacent
genes resulted in its identification. The ORF upstream of 103
codes for its cognate histidine kinase, HK03, whose fate is
connected to that of the response regulator itself, and the three
ORFs downstream of 7703, i.e., spr0345 to spr0347, have been
annotated as encoding truncations of a putative DNA alkyla-
tion repair enzyme, AIkD. In fact, a mutant disrupting the
spr0345 to spr0347 genes was unaffected in pneumococcal
transformation (our unpublished observation). The only link
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between the 703 gene and competence was shown in a AciaR
strain, where 703 expression was induced upon addition of
CSP (18). Interestingly, there appears to be a delicate balance
between the expression of TCSs, e.g., comDE and ciaRH, and
competence development (23, 45). Since the mariner trans-
posons we used in this study do not have a transcriptional stop,
it is not unlikely that altered expression of elements in TCS03
by mariner transposons, not their deletion, affects competence
as well. Consequently, the 7703 gene could appear in our GAF
screen, whereas our KO mutants remained unaffected in com-
petence.

The capsule-specific decrease in transformation efficiency of
the Aspr0838 and Aspr1259 strains cannot be explained by our
current knowledge of the corresponding genes. The product of
the spr0838 gene is homologous to the E. coli FtsK cell division
protein (9) and the B. subtilis SpoEIII sporulation factor (65).
The spr1259 gene encodes a hypothetical protein with homol-
ogy to bacterial rRNA methylases, such as YebU in E. coli (3).
Although FtsK and YebU are both implicated in cell growth
(3, 9), the pneumococcal spr0838 and spr1259 mutants had no
growth defects (our unpublished data). Therefore, we specu-
lated that some aspects of the transformation process affect the
outcome of transformation with the Acsp PCR product. Inter-
esting in this respect is the recent finding that some cps genes
are not only required for the production of capsular polysac-
charides but also considered to have a role in pneumococcal
growth in vitro, which is manifested in a prolonged lag phase of
pneumococcal growth (7). It has been suggested that this is a
consequence of alteration in the levels of metabolic products,
which affects the ability of the pneumococcus to respond
and/or adapt to environmental changes. Consequently, dele-
tion of the remnants of the R6 capsule gene cluster might
result in phenotypic changes that decrease the recovery rate of
each cell after it has integrated the Acsp PCR product. Al-
though this is expected to affect all mutants within the library,
these effects might, for unknown reasons, be especially pro-
found in the Aspr0838 and Aspr1259 strains.

The most interesting gene we identified in this study was the
one coding for the RadA DNA repair protein. The radA gene
is part of a CSP-induced operon that has been identified in two
independent microarray studies (18, 53). In one of these stud-
ies, deletion of the last five genes of the putative operon,
including radA, from S. pneumoniae CP1250 had no effect on
the transformation efficiency (53). This is rather surprising, as
the R6 strain in which we constructed our rad4 mutant has the
same ancestor as this Rx derivative, namely, D39 (49). Also,
the annotation of the radA gene is puzzling; for the TIGR4
strain, radA has been annotated as a pseudogene, as it has a
premature stop codon that comprises its third triplet codon.
The R6 radA gene has an identical nucleotide sequence, but
the start codon is annotated about 200 bp downstream of the
annotated TIGR4 start codon. The translation product of this
putative ORF would yield an amino acid sequence homolo-
gous to those of RadA proteins in other species, which are
especially conserved at the C terminus (data not shown). De-
spite these contradictory data, the rad4 mutants that we con-
structed in the S. pneumoniae R6, TIGR4, and also CP1250
backgrounds unambiguously showed defects in chromosomal
transformation. Because we failed to grow the R6 and CP1250
spr0024-spr0027 mutants in transformation media, we could
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not confirm or refute the wild-type transformation phenotype
of the original CP1250 spr0024-spr0027 mutant described by
Peterson and coworkers (53). The presented features of the
pneumococcal radA mutants are comparable to the effects of
disruption of radA homologs in other species (8, 14). More-
over, the importance of radA in the pneumococcal life cycle is
manifested in other studies, where mutations in this gene re-
veal a distinct phenotype. For instance, radA is one of the few
targets found in two different signature-tagged mutagenesis
studies that employed a pneumonia model of pneumococcal
disease (25, 54). Although the role of radA in pneumococcal
disease is most likely not related to genetic transformation, its
DNA repair function might be essential for S. pneumoniae
during host infection. Altogether, these data suggest that the
radA gene in S. pneumoniae is an active gene that is required
at least for efficient chromosomal transformation and DNA
damage repair.

Although it was designed as a negative selection strategy, the
GAF technology also proved to be suitable for the positive
selection of genes required for pneumococcal transformation.
Mutants in genes encoding the HexA and HexB mismatch
repair proteins were previously shown to positively affect pneu-
mococcal transformation rates for donor DNA that contained
one or several mismatches (5, 16, 55). Notably, HexA and
HexB recognize point mismatches only in the homologous part
of the donor DNA, not on insertional elements like the anti-
biotic resistance cassette of the Acps PCR product that we used
in our GAF screen. Alignment of the nucleotide sequences of
the homologous dexB and aliA parts of the Acps PCR product
(49) with the R6 genome (30) revealed several mismatches in
the dexB part of the Acps PCR product (data not shown), thus
explaining the increased transformation rates of the hex4- and
hexB-deficient mutants in the GAF screen.

In conclusion, our work shows the value of the application of
novel technologies, such as GAF, to examine well-studied bi-
ological systems, such as pneumococcal competence and trans-
formation. Not only did it allow verification of the reliability of
the GAF technology itself, but it also led to new insights into
the use and interpretation of the experimental outcome of this
technique. Moreover, the application of GAF resulted in the
identification of novel factors that are important for pneumo-
coccal transformation, which will increase our understanding
of the pathways underlying this process.
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