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The important human pathogen Streptococcus pneumoniae is known to be a genetically diverse species. We have
used comparative genome hybridization (CGH) microarray analysis to investigate this diversity in a collection of
clinical isolates including several capsule serotype 14 pneumococci, a dominant serotype among disease isolates. We
have identified three new regions of diversity among pneumococcal isolates and, importantly, clearly demonstrate
genetic differences between strains of the same multilocus sequence type (ST) and capsule serotype. CGH may
therefore, under certain circumstances, prove to be a valuable tool to supplement current typing methods. Finally,
we show that these clonal strains with the same serotype and ST behave differently in an animal model. Strains of
the same ST and serotype therefore have important genetic and phenotypic differences.
Although found as a commensal of the upper respiratory
tract, the gram-positive bacterium Streptococcus pneumoniae
(the pneumococcus) remains an important cause of human
morbidity and mortality worldwide. Pneumonia, sepsis, meningitis, and otitis media are the predominant diseases caused
by the pneumococcus. Drawbacks with the current vaccines
and the increase and spread of antibiotic resistance hamper
prevention and treatment and highlight the need for improved
understanding of pneumococcal biology (4, 30). Naturally
transformable, pneumococcal genetic diversity and plasticity
are evidenced by the presence of over 90 distinct capsular
serotypes and the emergence of antibiotic resistance. Indeed,
pneumococcal genetic diversity and genetic exchange with related organisms make it hard to clearly define the pneumococcus as a species (2, 12, 29). Along with this genetic diversity
come important phenotypic differences with regards to the
propensity of strains and serotypes to cause disease. For example, ⬃85% of disease is caused by only 20 different serotypes (18). In addition, certain multilocus sequence types (ST)
are more associated with disease than others (6). Although,
capsular serotype is recognized as a crucial contributing factor
in these differences (6), other as yet uncharacterized genetic
factors also contribute (20, 25, 26). The advent of genome
sequencing and microarray technology has allowed this genetic
diversity to be probed more fully, offering the potential to
better understand pneumococcal strain and serotype differences. In addition to helping to understand carriage and disease processes, such data may also contribute to antimicrobial

and vaccine development through the identification of conserved targets found in all strains or serotypes. Furthermore,
understanding the pneumococcal population structure may
help predict and interpret its response to interventions such as
antibiotics or vaccines, especially when these may be effective
against only a subset of strains or serotypes. Previously, comparative genome hybridization (CGH) microarray analysis of
19 pneumococcal strains found that in any one strain 8 to 10%
of genes were divergent from the reference sequenced strain
TIGR4, with the pool of nonconserved genes represented approximately 20% of the TIGR4 genome (11). The majority of
these genes were located in 25 clusters of TIGR4 genes (5). To
further characterize pneumococcal genetic diversity, we have
performed CGH using 13 test strains comprising commonly
used laboratory strains and clinical isolates. We confirm previous data showing significant strain-to-strain genetic variation,
and, importantly, we find that strains of a major disease causing clone with the same multilocus sequence type (ST124) and
serotype (14) differ in gene content. Therefore, even strains
that appear identical using high-resolution typing methods
carry genetic differences that might impact their biology. CGH
may therefore, under certain circumstances, prove to be a
valuable tool to supplement current typing methods. Furthermore, we show that isolates with the same ST and serotype
behave differently in an infection model, supporting the proposal that genetic differences within the same serotype ST
clone may affect biology.
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Bacterial strains, culture conditions, and DNA extraction. The S. pneumoniae
strains used for this study are described in Table 1. The strains were grown in
brain heart infusion broth (BHI; Oxoid) and stored as frozen stocks at ⫺80°C in
BHI with 12% glycerol (vol/vol). For DNA preparations, cells were grown statically to mid-logarithmic phase (optical density at 600 nm of 0.6) in BHI at 37°C
and harvested by centrifugation for 10 min at 5,000 rpm. DNA was isolated using
QIAGEN 100/G genomic tips, following the manufacturer’s instructions.

MATERIALS AND METHODS

3513

Downloaded from http://iai.asm.org/ on December 3, 2020 by guest

Received 16 January 2006/Returned for modification 24 February 2006/Accepted 27 March 2006

3514

SILVA ET AL.

INFECT. IMMUN.
TABLE 1. S. pneumoniae strains used in this study

Strain

TIGR4
0100993
R6

a

Blood
NA
Laboratory strain derived
from in vitro passage
NA
Blood
Blood
Eye
Blood
Blood
Blood
Blood
NA
NA
NA

Serotype

ST

Yr of isolation
a

Location

Reference

4
3
2

205
180
128

NA
NA
1950s

Norway
NA
NA

1, 31
32
23

2
14
14
14
14
14
14
3
19A
19A
6A

128
9
9
9
124
124
124
180
75
41
37

Deposited in NCTC in 1948
2003
2000
2001
2000
2000
2001
2002
⬍1997
⬍1997
1994–2000

NA
Aberdeen, Scotland
Dundee, Scotland
Dumfries, Scotland
Aberdeen, Scotland
Glasgow, Scotland
Glasgow, Scotland
Glasgow, Scotland
South Africa
South Africa
North Carolina

3
17
17
17
17
17
17
17
28
28
24

NA, data not available or not known.

Microarray construction, DNA labeling, and hybridization. The pneumococcal microarrays employed in this study have been used previously (19). Briefly,
microarrays were constructed by robotic spotting of PCR amplicons onto polyL-lysine-coated glass microscope slides (MicroGrid II; BioRobotics, Huntingdon,
United Kingdom) (15). Amplicons were designed to represent each of the annotated open reading frames (ORFs) present in S. pneumoniae strain TIGR4
(31) in addition to those unique to the other sequenced strain, R6. The process
essentially designed multiple amplicons using Primer3 for all TIGR4 ORFs, as
determined by automated analysis of BLASTN comparisons (16). A single amplicon was selected to represent each ORF based on its lack of similarity to other
ORFs on the array using BLASTN analysis to ensure minimal cross-hybridization. DNA was fluorescently labeled and hybridized to the microarray chips as
described previously (8). Essentially, fluorochrome Cy3 or Cy5 dCTP (Amersham Pharmacia Biotech) was incorporated into whole-genomic DNA by a
randomly primed polymerization reaction using large fragment DNA polymerase
I (Invitrogen). Whole-genomic DNA comparisons were carried out by competing
DNA from the test strains listed in Table 1 with a standard reference DNA from
TIGR4. Microarray slides were prehybridized for 20 min at 65°C in a buffer
containing 3.5⫻ SSC (1⫻ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1%
sodium dodecyl sulfate (SDS), and 10 mg/ml bovine serum albumin. Labeled
DNAs from TIGR4 and the test strains were mixed and purified using a Minielute kit (QIAGEN), after which 4⫻ SSC and 0.3% SDS were added. After
denaturation at 95°C for 2 min, the DNA mixture was applied to the microarray
and hybridized during 18 h at 65°C. Before analysis, the slides were washed once
in 1⫻ SSC buffer with 0.06% SDS for 5 min at 65°C and twice in 0.06⫻ SSC
buffer at room temperature.
Comparative hybridizations were performed between a Cy5-labeled genomic
DNA of the reference strain (TIGR4) in competition with Cy3-labeled genomic
DNA. Reciprocal dye swap experiments were performed to minimize labeling
artifacts.
Data generation and analysis. Hybridized slides were scanned using a ScanArray
(Packard BioScience) according to the manufacturer’s instructions, and the median pixel intensity values for each element on the array were quantified using
Quantarray (Packard BioScience). The data were further analyzed using GeneSpring 7.0 (Silicon Genetics). On the basis of preliminary PCR validations, we
determined a cutoff for the normalized intensity ratio of ⬎1.5 indicated the
absence of a gene, unless the intensity was ⬎1,500 in both channels (TIGR4 and
test strain), in which case we decided that the gene is present. For intensities of
⬍600 for both channels, the result was regarded as ambiguous and therefore was
checked by PCR. Genes with a ratio of 1.4 gave poor agreement between the
array and PCR results, and so the presence or absence of all such genes was
determined by PCR.
PCR validation of microarray results. Validation of array results was performed by PCR using the primers employed to generate the microarray probe.
Infection model. Strains were grown in BHI to mid-log phase, and glycerol
stocks (12% [vol/vol]) were prepared and stored at ⫺80°C. For the infection, a
vial was rapidly thawed at 37°C and cells were collected by centrifugation at
13,000 rpm for 3 min and resuspended in phosphate-buffered saline to give a
concentration of 108 CFU/ml. One hundred microliters of this bacterial suspension was administered by intraperitoneal injection of mice. Infected mice were

monitored regularly for clinical signs, and tail bleeds were taken from the superficial tail vein. C57/BL6 mice (female, 5 weeks old when infected) were
purchased from Harlan Olac, Bicester, United Kingdom. Mice with bacterial
counts below the detection limit (⬃100 CFU/ml) were ascribed a value just
beneath that limit. All animal work was conducted with the appropriate local and
Home Office approval and licensing.

RESULTS AND DISCUSSION
Regions of genetic diversity among clinical isolates. To further explore the genetic diversity of the important human
pathogen S. pneumoniae, we employed comparative genome
hybridization microarray analysis to examine gene content in a
panel of clinical isolates and laboratory strains. Thirteen test
strains were chosen to represent seven serotypes and eight
multilocus sequence types (Table 1). These included six serotype 14 strains, currently a prominent serotype among disease
isolates in the United Kingdom and elsewhere (6, 7, 13, 18).
Importantly, strains of the same serotype and multilocus sequence type were included to investigate the level of diversity
among these apparently closely related strains. The three reference strains R6, D39, and 0100093 were also included.
Twenty-five regions of diversity (RDs) totaling 248 genes
were identified in which three or more contiguous genes (according to the TIGR4 annotation) were not conserved in all
strains (Table 2). Importantly, there was strong agreement
between the array results and the sequenced R6 genome sequence. Of the 248 RD genes identified, the array agreed with
the result expected based on the R6 genome sequence for 242
of these genes (97.5%). In addition, the distribution of 207
genes from the other test strains was investigated by PCR. Of
these 207, 197 (95.2%) showed agreement between the microarray and PCR. Together, these data confirm the microarray analysis to be a good predictor of the presence or absence
of genes or probe sequences.
The RDs ranged considerably in size from 1.7 to 34.8 kb.
Nineteen of the RDs identified here have previously reported
by Bruckner et al. (5). We therefore confirm these previous
findings showing these regions to be variable between strains
and extend their data to a new collection of isolates. The limits
of these RDs or clusters vary a little between the studies and
likely reflect the use of different clinical strains or array probes.
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TABLE 2. Regions of genetic diversity among clinical isolates
a

Approximate
size (kb)

SP no. of
variable genes

Cluster (SP no. of variable
genes)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

9
5.8
5.6
14.2
3.3
5.4
12.6
7.1
5.6
11
8.0
4.4
1.7
7.9
11.9
9.2
33.7
12.1
10.3
34.8
5.3

SP0067-0074
SP0109-0115
SP0163-0168
SP0346-0360
SP0378-0380
SP0394-0397
SP0460-0468
SP0473-0478
SP0531-0544
SP0643-0648
SP0664-0666
SP0692-0700
SP0888-0891
SP0949-0954
SP1050-1065
SP1129-1147
SP1315-1352
SP1433-1444
SP1612-1622
SP1756-1773
SP1793-1799

22
23
24
25

3.2
3.2
9.4
5.3

SP1828-1830
SP1911-1918
SP1948-1955
SP2159-2166

1 (SP0067-0072)
1* (SP0109-0113)
2 (SP0163-0171)
3 (SP0347-0360)
Identified but not as cluster
4* (SP0388-0399)
4 (SP460-470)
5* (SP0473-0478)
5 (SP0531-0544)
Identified but not as cluster
Identified but not as cluster
7* (SP691-698)
6 (SP887-891)
New
7 (SP1054-1064)
8 (SP1129-1146)
9 and 10* (SP1309-1352)
11* (SP1433-1437)
10 (SP1611-1622)
11 (SP1755-1773)
12 (SP1791-1794 and
1796-1798)
13* (SP2159-2166)
New
12* (SP1947-1958)
13* (SP2159-2166)

a
Relates to work by Bruckner et al. (5). Clusters of strain-specific genes
identified by Bruckner et al. but not found in this study are clusters 2*, 3*, 6*, 8*,
and 9* (see Table 3 in reference 5).

In addition we identify three novel RDs not previously recognized: RD14, -22, and -23. These are described in detail here.
RD14. RD14 covers ⬃8 kb and six genes in TIGR4, SP0949
to -0954. SP0949 encodes a transposase (IS1515), and although
predicted to be inactive in TIGR4, due to a frameshift mutation introducing a premature stop codon, this element may be
responsible for the unequal strain distribution of this region.
SP0950 encodes a predicted GNAT family acetyltransferase
(GCN5-related N-acetyltransferase), as does SP0953, although
they share only limited homology. SP0954 encodes the CeLA
competence protein. SP0951 encodes a conserved hypothetical
protein, which contains a putative TfoX N-terminal domain.
Identified in Haemophilus influenzae, the TfoX/Sxy protein is
essential for transformation in that species (33, 34). No data
exist as yet for a role for SP0951 in pneumococcal transformation, and microarray analysis of the global response to competence-stimulating peptide in TIGR4 did not identify SP0951 as
being a competence-stimulating peptide-responsive gene (21).
The remaining gene in RD14, SP0952, is annotated as encoding an alanine dehydrogenase carrying an authentic frameshift
resulting in a premature stop codon.
The array data shows only three strains carry all genes in this
RD: PMEN7, PMEN23, and P49. Six strains contain all genes
with the exception of SP0949. RD14 is missing entirely in
strains P11, P33, and N16, except for SP0954, which is present
in P33 and N16. The remaining strain, PMEN7, lacks only
SP0951 and SP0952.
None of the genes in this region were identified as virulence
factors in the signature-tagged mutagenesis (STM) screen of
TIGR4, and so their role in virulence is unclear as yet.

RD22. RD22 comprises three genes, the SP01828 to -1830,
in a 3.2-kb region of the TIGR4 genome. All three genes were
present in R6, D39, PMEN13, and PMEN23. In contrast, all
were absent in N16, 10, 48, 50, 0100993, P49, and PMEN7. In
the cases of P11 and P33, only SP1830 was found to be present.
The genes are annotated in numerical order as coding for
UDP-glucose 4-epimerase (galE), galactose-1-phosphate uridylyltransferase (galT), and phosphate transport system regulatory
protein (phoU). The latter gene was identified in the TIGR4
STM screen, and when the mutant was analyzed further in
competitive infections with the wild type, it was attenuated
in models of pneumonia, bacteremia, and nasal colonization
(14). Besides this, these pneumococcal genes are uncharacterized, but the STM data do show a potential for the selected distribution of these genes to influence the behavior
of strains.
RD23. The eight SP1911 to SP1918 genes make up RD23
and cover ⬃3.2 kb of the TIGR4 genome. This region is fully
present in 12 strains. One other strain, PMEN7, lacks only a
single gene, SP1914. However, in strain 50, this entire region is
missing. This region is poorly characterized, with four of the
genes annotated as encoding hypothetical proteins; the significance of the absence of this region in strain 50 is therefore
unclear. A function for one of these hypothetical proteins,
coded for by SP1915, is suggested by the presence of a LytTr
DNA-binding domain found in various bacterial transcriptional factors. The remaining genes are annotated as coding for
a putative thioredoxin (SP1911), a cspC (cold shock protein)related protein with an authentic point mutation resulting in a
premature stop codon (SP1913), a PAP2 family protein
(SP1916), a family of mainly phosphatase enzymes (PF-01569),
and an ATP-binding protein (SP1918). None of the genes in
this region was identified in the STM screen of TIGR4 (14).
Bruckner et al. (5) identified five clusters that we have not
observed (Table 2). Presumably, this is due to the use of different strains, while the analysis of further strains would allow
discovery of other RDs.
Diversity between strains of the same multilocus sequence
type and serotype. Multilocus sequence typing is now widely
used to type the pneumococcus and other pathogens, providing
high-resolution discrimination of a large number of clones (9,
10, 33). Strains of the same ST are assumed to be clonal and to
have descended from a recent common ancestor. Strains of the
same ST can be of different capsular serotypes, showing that
such strains are not necessarily identical despite being of the
same ST. However, genetic differences in addition to the capsule locus have not been extensively characterized for strains of
the same ST. The distribution of RD genes in this study
provides a first example of the phenomenon of differences
between strains of the same ST extending to noncapsular
genes. The example involves RD17 and 23 and the three
ST124 serotype 14 strains: 10, 48, and 50 (Fig. 1). In the case
of RD17, it is present in its entirety in strain 10, but the first
half of this region is absent in strains 48 and 50. RD23,
which is a new region of diversity (see above), is absent in
strain 50 but present in strains 10 and 48. Importantly,
validation by PCR showed a strong agreement with the
microarray results with 105/108 (97%) genes agreeing between the two methods (Fig. 1).
The biological significance of these differences is uncertain,
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FIG. 1. Genetic differences between pneumococcal strains of the same ST and serotype. Strain distribution of RD17 (SP1315 to -1352) and
RD23 (SP1911 to 1918) genes as determined by microarray and PCR analysis. Black, positive; gray, negative. The gene number and annotation
are taken from the TIGR4 genome at http://www.tigr.org. Genes and products highlighted in bold were identified as virulence factors in the TIGR4
STM screen (14).

however, as both RD17 and -23 are poorly characterized.
Within these regions, the TIGR4 STM screen identified two
genes (SP1321 and SP1328) with unequal strain distributions
as pneumococcal virulence factors (14). There is therefore the
potential for these genetic differences to effect phenotypic differences between these very similar strains.
Thus, strains of the same ST and serotype have genetic

differences; although perhaps not a surprising finding, this is
the first clear demonstration of this phenomenon. Microarray
analysis may therefore be of utility in complementing current
multilocus sequence typing and serotyping schemes by providing a higher resolution.
Analysis of virulence of strains of the same ST and serotype.
To test if the genetic differences between strains with the

VOL. 74, 2006

GENOMIC DIVERSITY AMONG PNEUMOCOCCAL CLINICAL ISOLATES

same ST and serotype could impact biological significance,
the three strains 10, 48, and 50 were tested for virulence in
a mouse intraperitoneal infection model. Young (5 week old)
female C57/BL6 mice were infected by the intraperitoneal
route with 107 CFU, and survival and blood counts were monitored. All mice survived the infection, and none showed clinical signs (n ⫽ 7 to 8). However, at 6 h postinfection, a transient bacteremia was noted that was cleared by 24 h.
Comparison of the blood bacterial counts at 6 h shows a significant difference between the strains (Fig. 2). The blood
counts of mice infected with strain 48 were significantly lower
than those of mice infected with strain 10 (P ⬍ 0.0001) or
strain 50 (P ⫽ 0.0441). The mean bacterial count for strain 48
was approximately 24-fold lower than that for strain 10 and
5-fold lower than that for strain 50. In line with this, strain 10
had the lowest proportion of bacteremic animals, Fig. 2. Although there was a trend toward higher bacterial blood counts in
mice infected with strain 10 compared to those infected with
strain 50, the difference was not statistically significant (P ⫽
0.0882). Therefore, these strains, despite being of the same serotype and ST, show differences in virulence in this mouse model. A
causal relationship between genotypic differences and phenotype remains, however, to be confirmed empirically. A trend
for differences in the behavior of strains of the same ST and
serotype during mouse infections was recently shown, but not
examined further, by Sandgren et al. (25). For example, two
ST162 serotype 19F strains showed different propensities to
cause pneumonia following intranasal infection. One strain

caused pneumonia in 80% of infected C57BL/6 and BALB/c
mice, while the proportions for a second strain were 53% and
40%, respectively.
Concluding remarks. Although microarray analysis allows
the whole genome to be interrogated easily, there are several
caveats to be acknowledged. First, the true degree of population diversity is underestimated because test strain-specific
genes are not included. How many genes do the test strains
carry that are absent in TIGR4? Indeed, sequencing of
genomic libraries from eight pneumococcal clinical isolates
revealed a number of putative ORFs distinct from TIGR4,
with many also unrelated to known streptococcal sequences
(27). Importantly, a major shortcoming of investigations like
this is the inability to determine if the absence of an array
signal represents the absence of a particular gene or divergence in the probe sequences between strains. In addition,
array analysis provides no details on gene location or number.
For example, a gene may be present in multiple copies or in a
different location compared to other strains, but this is overlooked in this analysis. Also, subtle but functionally significant
differences will be missed such as promoter and coding sequence mutations that may alter the production and activity of
gene products. Likewise, the bases for genetic differences are
unclear: i.e., is presence or absence due to acquisition by one
strain and not another or loss from one strain and not another?
Finally, many of the genes identified here and in similar array
analyses are annotated as encoding hypothetical or conserved
hypothetical proteins with little or no data available on their
function(s). Furthermore, even those with annotations lack
functional confirmation. The potential significance of the absence or presence of these genes is therefore hard to interpret
until they have been characterized more fully. However, acknowledging these drawbacks, we have employed CGH to
identify large genomic regions of diversity between pneumococcal strains. We confirm the previous identification of several variable regions and identify three addition regions that
are not conserved among strains. We provide a clear demonstration of genetic differences between strains of the same
serotype and ST. In addition, we show differences in the virulence of these strains in a mouse infection model. Thus, even
although strains may appear identical based on current typing
methods, they may boast potentially important genetic and
phenotypic differences. CGH may therefore be useful in providing higher-resolution typing. This will especially be valuable
when particular virulence-associated genes and genotypes are
identified: for example, as done recently for otitis media (22).
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