
Mol. Cells, Vol. 21, No. 1, pp. 82-88 

 

 

 

 

 

 

Comparative Analysis of Growth-Phase-Dependent Gene Ex-
pression in Virulent and Avirulent Streptococcus pneumoniae 
Using a High-Density DNA Microarray 
 

Kwan Soo Ko
1,2

, Sulhee Park
1
, Won Sup Oh

2
, Ji-Yoeun Suh

1
, TaeJeong Oh

3
, Sungwhan Ahn

3
, Jongsik Chun

4
, 

and Jae-Hoon Song
1,2

* 
1 Asian-Pacific Research Foundation for Infectious Diseases (ARFID), Seoul 135-710, Korea;  
2 Division of Infectious Diseases, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul 135-710, Korea;  
3 GenomicTree, Inc., Daejeon 305-811, Korea;  
4 School of Life Sciences, Seoul National University, Seoul 151-742, Korea. 

 

(Received August 23, 2005; Accepted November 25, 2005) 

 

The global pattern of growth-dependent gene expres-

sion in Streptococcus pneumoniae strains was evalu-

ated using a high-density DNA microarray. Total 

RNAs obtained from an avirulent S. pneumoniae 

strain R6 and a virulent strain AMC96-6 were used to 

compare the expression patterns at seven time points 

(2.5, 3.5, 4.5, 5.5, 6.0, 6.5, and 8.0 h). The expression 

profile of strain R6 changed between log and station-

ary growth (the Log-Stat switch). There were clear 

differences between the growth-dependent gene ex-

pression profiles of the virulent and avirulent pneumo-

coccal strains in 367 of 1,112 genes. Transcripts of genes 

associated with bacterial competence and capsular 

polysaccharide formation, as well as clpP and cbpA, 

were higher in the virulent strain. Our data suggest 

that late log or early stationary phase may be the most 

virulent phase of S. pneumoniae.  

 

Keywords: Gene Expression; Log-Stat Switch; Microar-

ray; Pneumococci; Time-Course Analysis; Virulence. 

 

 

Introduction 

 

Streptococcus pneumoniae is an important human patho-

gen that causes community-acquired pneumonia, bacterial 

meningitis, otitis media, and sinusitis. Several virulence 

factors such as the polysaccharide capsule and pneumo-

lysin have been identified by a ‘one-gene-at-a-time’ ap-

proach (Hava et al., 2003). Besides the classical pneumo 
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coccal virulence factors, genes or gene clusters contribut-

ing to the pathogenicity of S. pneumoniae have recently 

been identified by signature-tagged mutagenesis (STM) 

(Hava and Camili, 2002; Lau et al., 2001; Polisi et al., 

1998). Comparison of two completed S. pneumoniae ge-

nome sequences revealed substantial diversity (Hoskins et 

al., 2001; Tettelin et al., 2001), and a recent analysis of 20 

pneumococcal strains showed that about 10% of the genes 

of each strain were substantially diverged relative to the 

TIGR4 reference strain, or were missing (Hakenbeck et 

al., 2001). Since those analyses were restricted to gene 

content, a comparative analysis at the level of gene ex-

pression should provide a more comprehensive under-

standing of the pathogenicity of S. pneumoniae.  

DNA microarrays with whole-genome expression pro-

filing have been used to investigate the virulence of sev-

eral pathogenic bacterial species (Dietrich et al., 2003; 

Eriksson et al., 2003; Liang et al., 2002; Paustian et al., 

2001; Schneider et al., 2002). In S. pneumoniae, the re-

sponse to an autoinducer peptide and the development of 

competence have been associated with virulence using 

DNA microarrays (De Saizieu et al., 2000; Rimini et al., 

2000). Recently, a whole-genome microarray study of in 

vivo S. pneumoniae identified specific patterns of gene 

expression (Orihuela et al., 2004b). However, no com-

parison of growth-dependent gene expression in virulent 

and avirulent strains has been performed in S. pneumo-

niae. In this study, we compared the whole-genome ex-

pression profiles of a virulent and an avirulent strains of 

S. pneumoniae growing in vitro, using DNA microarrays 

and time-course analysis.  

 

 

Abbreviation: CSF; cerebrospinal fluid. 
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Fig. 1. Growth of pneumococcal strains R6 and AMC96-6. 

Based on these growth curves, four time points (2.5, 3.5, 4.5, 

and 5.5 h) were designated as log phase and three (6.0, 6.5, and 

8.0 h) as stationary phase. 

 

 

Materials and Methods 

 

Bacterial strains and growth conditions The avirulent S. 

pneumoniae strain R6, a derivative of virulent strain D39 (Song 

et al., 2005), and virulent strain AMC96-6 from a patient with 

pneumococcal meningitis, were used in these experiment. The 

strains were maintained routinely on Todd-Hewitt broth (heart 

infusion, 0.31%, neopeptone 2.0%, dextrose 0.2%, NaCl 0.2%, 

Na2HPO4 0.04%, Na2CO3 0.25%) or agar (Difco, Becton-

Dickinson, Sparks, MD) supplemented with 0.5% yeast extract 

(Difco) (THYE). To determine the appropriate times for cell 

harvest and total RNA isolation, the strains were cultured in 

broth (pH 7.8) at 37°C and their growth curves obtained by 

monitoring optical density at 600 nm (OD600) (Fig. 1).  

 

Microarray fabrication The library consisted of 50 bp nucleo-

tide probes representing 2,018 coding genes, purchased from 

MWG (Germany). The oligonucleotides were suspended in 

printing buffer (Telechem International, Inc., USA) at a final 

concentration of 50 pmole/µl and spotted onto silanized glass 

slides (UltraGAPS, Corning Lifesciences, USA) using a ro-

botic microarrayer (OmniGrid II, GeneMachines, USA) in 40% 

humidity at 20–25°C.  

 

Isolation of total RNA and preparation of a reference RNA 

pool Total RNA was isolated as described previously (Robertson 

et al., 2002) at seven time points (2.5, 3.5, 4.5, 5.5, 6.0, 6.5, and 

8.0 h) (Fig. 1). To compare expression patterns, we used, as a 

reference, a mixture of the seven R6 RNAs (20 µg each) in or-

der to avoid the difficulties associated with a single RNA refer-

ence (Lau et al., 2000).  

 

Preparation of cDNA probes Target cDNA probes were pre-

pared and hybridization performed as previously described (Tani 

et al., 2002). Twenty µg of each total RNA was mixed with 5 µg 

of random hexamer (Amersham Biosciences, UK) in 15.4 µl of 

RNase-free water and incubated at 65°C for 10 min. Single 

stranded cDNA was synthesized in the presence of Cy3-dUTP or 

Cy5-dUTP (1 mM each, NEN Life Science Products, USA) at 

42°C for 2 h. The Cy3- and Cy5-labeled cDNAs were purified 

using a PCR purification kit (Qiagen, Germany), combined and 

concentrated to a final volume of 27 µl using a Microcon YM-

30 (Millipore Corp., USA). 

 

Microarray hybridization The reference mixture of R6 RNAs 

was labeled with Cy3-dUTP, and the total RNAs extracted from 

R6 and AMC96-6 at each time were labeled with Cy5-dUTP. We 

used 80 µl hybridization mixtures containing 27 µl of the la-

beled cDNA targets, 20 µl of 20× SSC, 8 µl of 1% SDS, 24 µl of 

formamide (Sigma, USA), and 10 µg of salmon sperm DNA 

(Invitrogen Corp., USA). The hybridization mixtures were 

heated at 100°C for 2 min, immediately added to the microar-

rays, and incubated at 42°C for 12−16 h in a humidified 

HybChamber X (GenomicTree, Inc., Korea). 

 

Reproducibility of the microarray experiments To check the 

reliability of the array data, we performed two independent 

time-course experiments for each strain. Pearson indices (0.90–

0.99, p = 0.01) showed a high correlation between the two repli-

cates except for the 6.5 hr samples of strain R6 (0.71), confirm-

ing the reproducibility of the experiments. To establish repro-

ducible growth-phase-dependent changes, 1,717 and 1,112 genes, 

showing consistent patterns in replicates of R6 and AMC96-6, 

respectively, were ultimately analyzed. 

 

Data analysis After hybridization, the microarray slides were 

imaged with a laser scanner (Axon 4000B, Axon Instruments 

Inc., USA). Signal and background fluorescence intensities were 

calculated for each probe spot by averaging the intensities of 

every pixel inside the target region with GenePix Pro 4.0 soft-

ware (Axon Instruments Inc., USA). The signal intensity for 

each spot is defined as the difference between the median pixel 

signal intensity and the median local background intensity. 

Spots showing obvious abnormalities were excluded from the 

analysis. Data normalization, statistical analysis, and cluster 

analysis were performed with GeneSpring 6.2 (Silicon Genetics, 

USA). Genes were further filtered according to their intensity in 

the green channel based upon the two-component model for 

estimating variation from green channel strength. The fold 

change was calculated by dividing the median of the normalized 

red channel intensity by the median of the normalized green 

channel intensity. The ratios of fold changes across conditions 

were evaluated by comparing the fold changes between condi-

tions. ANOVA (parametric) was performed with the Benjamini 

and Hochberg false discovery rate correction at p values < 0.01 

or 0.05 to identify genes differentially expressed across condi-

tions. Unsupervised hierarchical clustering and K-mean cluster 

analysis were performed by similarity measurements based on 

Pearson correlations around zero (Lee et al., 2004). That is, a 

correlation coefficient > 0 indicates that the corresponding gene 

transcript was more highly represented than in the reference 

RNA pool (Fig. 2). Correlation coefficients between growth  
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Fig. 2. Gene expression profiles of the avirulent (R6) and viru-

lent (AMC96-6) strains at seven time points. A. The temporal 

dependence of R6 gene expression. B. Expression profile of 

AMC96-6, in which the gene order is identical to that of R6. C. 

Expression profile of R6 showing clear differences between log 

and stationary phase. Arrow indicates the position of the Log-

Stat switch. The scale indicates the relative level of expression 

of each gene, where red color indicates expression and green 

indicates repression.  
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Fig. 3. Genes showing clear differences in expression between 

R6 and AMC96-6 in log (A) and stationary (B) phase. A. Clus-

ter A indicates AMC96-6 genes expressed in log phase, and 

cluster B indicates R6 genes expressed in log phase. B. Cluster 

C indicates AMC96-6 genes expressed in stationary phase, and 

cluster D R6 genes expressed in stationary phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Expression profiles of genes corresponding to 39 transcriptional regulators associated with the virulence of S. pneumoniae. R6 

gene numbers and descriptions are given on the right of the figure. The red vertical bar indicates the genes expressed only in the viru-

lent strain AMC96-6.  
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Table 1. Functional classification of the genes involved in the Log-Stat switch in a strain R6.  

No. of genes expressed 
Functiona 

Log phase Stationary phase 

Amino acid biosynthesis 

Biosynthesis of cofactors, prosthetic groups, and carriers 

Cell envelope 

Cellular processes 

Central intermediary metabolism 

DNA metabolism, DNA replication, recombination, and repair 

Energy metabolism 

Fatty acid and phospholipid metabolism 

Mobile and extrachromosomal element functions 

Protein fate 

Protein synthesis 

Purines, pyrimidines, nucleosides, and nucleotides 

Regulatory functions 

Signal transduction 

Transcription 

Transport and binding proteins 

Unclassified 

Hypothetical proteins or Unknown function 

Total 

7 

2 

8 

11 

7 

18 

16 

3 

5 

24 

- 

4 

13 

1 

1 

20 

25 

86 

253 

10 

7 

9 

8 

12 

11 

20 

3 

11 

15 

- 

6 

15 

- 

1 

27 

20 

74 

249 
a
 Based on the classification of www.tigr.org.  

 

Table 2. Functional classification of the genes with different expression patterns in strains R6 and AMC96-6.  

No. of genesb 
Function 

Cluster A Cluster B Cluster C Cluster D 

Amino acid biosynthesis 

Biosynthesis of cofactors, prosthetic groups, and carriers 

Cell envelope 

Cellular processes 

Central intermediary metabolism 

DNA metabolism, DNA replication, recombination, and repair 

Energy metabolism 

Fatty acid and phospholipid metabolism 

Mobile and extrachromosomal element functions 

Protein fate 

Protein synthesis 

Purines, pyrimidines, nucleosides, and nucleotides 

Regulatory functions 

Signal transduction 

Transcription 

Transport and binding proteins 

4 

- 

- 

- 

1 

2 

7 

2 

1 

1 

2 

1 

5 

- 

1 

9 

6 

2 

2 

2 

 

1 

7 

1 

1 

1 

2 

3 

4 

1 

2 

8 

- 

- 

7 

4 

7 

5 

5 

- 

3 

3 

6 

1 

2 

- 

2 

8 

 7 

 3 

 5 

 2 

 7 

 6 

22 

 3 

 5 

 6 

 3 

 3 

 7 

 1 

 1 

19 

a
 Based on the classification of www.tigr.org.  

b 
Clusters shown in Fig. 3. Hypothetical proteins and proteins with unknown function are excluded. 

 

 

conditions were determined by comparing the log2 red/green ra-

tios from arrays with the data from each array in the time course 

using GeneSpring 6.2. 

 

 

Results 

 

Time-course microarray analysis of S. pneumoniae We 

performed a time-course analysis to investigate the changes 

in gene expression of S. pneumoniae as a function of 

growth phase. The growth of the two strains at four time 

points (2.5, 3.5, 4.5, and 5.5 h) in log phase and three 

(6.0, 6.5, and 8.0 h) in stationary phase was very similar. 

The S. pneumoniae microarrays used in this study repre-

sented 2,018 ORFs from a strain R6.  
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Log-Stat switch The gene expression patterns of R6 and 

AMC96-6 are shown in Fig. 2. There was a distinct 

growth phase-dependent switch in gene expression in 

both strains. In R6, 253 genes expressed in log phase (2.5 

to 5.5 h) showed variable growth-dependent expression 

profiles and 249 genes were expressed in stationary phase 

(6.0 to 8.0 h) (Fig. 2C). The expression levels of other 

genes were not significantly different in log versus sta-

tionary phase. About half of the genes showing variable 

expression were of unknown function (111 log phase and 

94 stationary phase). When the genes were classified on 

the basis of their functional categories (30), there was no 

significant difference in induced gene numbers between 

log and stationary phases (Table 1). However, genes re-

lated to biosynthesis of cofactors, prosthetic groups, and 

carriers were more highly expressed in stationary phase. 

In addition, genes coding mobile and extrachromosomal 

element functions such as transposases were also more 

highly expressed in stationary phase. Among the genes 

associated with cellular processes, a few competence pro-

teins such as celB, cglC, and cglA were more highly ex-

pressed in stationary phase. On the other hand, genes re-

lated to protein fate were more highly expressed in log 

phase. Strain AMC96-6 also showed growth-phase de-

pendent gene expression patterns (data not shown).  

 

Comparison of expression patterns between R6 and 

AMC96-6 Figures 3A and 3B show comparison between 

the growth-dependent expression patterns of R6 and 

AMC96-6 strains in log and stationary phases, respec-

tively. In the log phase, 97 genes were more highly ex-

pressed in R6 than in AMC96-6 (Cluster B), and 63 genes 

were more highly expressed in AMC96-6 (Cluster A). In 

stationary phase, 122 genes were more highly expressed 

in R6 than in AMC96-6 (Cluster D). Of these, 45 were 

genes with unknown function. Eighty-five genes were 

more highly expressed in AMC96-6 than R6 in stationary 

phase (Cluster C), and 39 of these 85 genes were of un-

known function. A functional classification of the genes 

showing differential expression patterns is shown in Table 

2. Genes participating in energy metabolism and trans-

port, and binding proteins, were more highly expressed in 

the stationary phase of AMC96-6 than the other phases 

(Table 2). Genes related to energy metabolism, viz. galM, 

trkH, pmi, fruB, eno, ldh, fer, galE, serA, sga, fni, lysC, 

mocA, and ptcA were more highly expressed in stationary 

phase in AMC96-6. In addition, many genes related to 

ABC transporters (aliA, glnQ, glnP, pstS, amiA, stpA, and  

trkH) and the phosphotransferase system (pst-eii and 

ptcA) were more highly expressed in the stationary phase 

of AMC96-6. 

 

Comparison of transcriptional regulatory genes in-

volved in virulence We compared the expression profiles 

of transcriptional regulators involved in virulence in R6 

and AMC96-6 (Fig. 4). We analyzed 39 putative regula-

tor-encoding genes in this study, and found that many 

related to competence (comX1, comC, comD, and comE) 

and capsular polysaccharide formation (cpsI, cpsK, cpsM, 

cpsP, and cpsA) were expressed only in AMC96-6. In 

addition, five other genes (sph-tra, ctsR, clpE, clpP, and 

rrl3) were also only expressed in the virulent strain. Nine 

genes (cpsJ, hk13, comFC, comA, pstB, regR, pstC, ip, 

and bglG) were repressed during the growth of AMC96-6 

but induced in stationary phase. Certain genes (comFC, 

comA, pstB, and regR) induced only in the stationary 

phase of AMC96-6 were expressed during growth of R6. 

Another thirteen genes (cpsH, pstS, marR, blpZ, blpS, 

comB, groES, cpsY, blpY, and one gene with unknown 

function) were repressed in the stationary phase of 

AMC96-6.  

 

 

Discussion 

 

Microarray analysis is a powerful tool for analyzing bac-

terial gene expression (Conway and Schoolnik, 2003). 

Although there have been several studies of gene expres-

sion in S. pneumoniae using DNA microarrays, most of 

them have investigated gene expression at one time point 

in the growth cycle, or compared the effects of different 

growth conditions on mutants (De Saizieu et al., 2000; 

Joyce et al., 2004; Peterson et al., 2004; Rimini et al., 

2000; Robertson et al., 2002). Although these studies re-

vealed several genes or regulons required for virulence 

and competence, they could not show whether such genes 

or regulons are expressed differently at different times 

during growth. We have investigated the dynamic pattern 

of gene expression of virulent and avirulent S. pneumo-

niae strains in different growth phases. 

Time-course analysis sampling at intervals during growth 

of a strain can reveal the dynamic aspects of gene expres-

sion (Conway and Schoolnik, 2003). Recently, this method 

was successfully applied to Helicobacter pylori, and high-

lighted a major switch in gene expression at the late log 

phase-to-stationary phase transition (Log-Stat switch), 

and a growth-dependent response of H. pylori to iron 

starvation (Merrell et al., 2003; Thompson et al., 2003). 

Our data also revealed a Log-Stat switch in S. pneumo-

niae R6. A growth-dependent gene expression pattern was 

also evident in the virulent strain AMC96-6, although it 

did not show a distinct Log-Stat switch like R6. Our data 

have documented remarkable differences in gene expres-

sion pattern between the avirulent and virulent pneumo-

coccal strains made evident by comparing gene expres-

sion patterns at different stages of growth. At least 367 

genes, representing 33% of the 1,112 genes examined in 

the two strains, showed different gene expression profiles 

between the two strains in the log or stationary phases. 

This sugests that the expression profiles of many S. 
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pneumoniae genes may vary between strains and growth 

phases.  

Previous studies have shown that CbpA, a choline-

binding protein, is associated with colonization of the 

nasopharynx and translocation of the pneumococcus 

across endothelial cell membranes (Ogummiyi et al., 

2002; Orihuela et al., 2004b; Ring and Tuomanen, 2000; 

Rosenow et al., 1997). A recent study of the tissue-

specific contributions of pneumococcal factors to viru-

lence showed that CbpA was required for invasion of the 

cerebrospinal fluid (CSF) (Orihuela et al., 2004b). We 

found that expression of the cbpA genes (spr1274 and 

spr1995) was repressed in stationary phase R6 but not in 

AMC96-6.  

Capsular polysaccharides are thought to be virulence 

determinants in S. pneumoniae (Kim and Weiser, 1998; 

Ogunniyi et al., 2002; Tuomanen et al., 1995). In this 

study, as expected, several genes involved with capsular 

polysaccharide formation, such as cpsI, cpsK, cpsM, cpsP, 

and cpsA, were expressed throughout all phases of growth 

in AMC96-6 but not in the avirulent strain R6 (Fig. 4).  

ply and pspA, which encode pneumolysin and pneumo-

coccal protein A (PspA) respectively, also contribute to 

the virulence of S. pneumoniae (Ogunniyi et al., 2002; 

Paton, 1998; Yother and Briles, 1992). However, we 

found no difference in the expression pattern of these 

genes in the two strains (data not shown). In a study using 

an animal model, pneumolysin was shown to contribute to 

bacterial multiplication in the lung and translocation to 

the bloodstream, but was not detected in the cerebrospinal 

fluid (CSF) (Orihuela et al., 2004b). In addition, the ex-

pression of ply in a microarray study was found to de-

crease in the CSF during invasive pneumococcal disease 

(Orihuela et al., 2004a). In our study, PspA was overex-

pressed in both AMC96-6 and R6. The expression of pspA 

increased in the CSF in the microarray study during inva-

sive pneumococcal disease (Orihuela et al., 2004a). How-

ever, recent studies using an animal model suggested that 

PspA did not contribute to the virulence of strain D39 

(Berry and Paton, 2000; Orihuela et al., 2004b). Taken 

together our data and previous reports suggest that ply and 

pspA may be virulence genes but do not contribute to the 

development of meningitis.  

The expression profile of the competence regulon in 

our study was different from previous reports. In our 

hands, four genes involved in competence (comX1, comC, 

comD, and comE) were induced only in the virulent 

strain. However, Orihuela et al. (2004a) reported that at 

least 20 genes involved in competence, including comX1, 

comA, comB, comE, and come, showed decreased tran-

scription in the CSF in vivo. We observed that other genes 

related to competence such as comFC and comA were 

expressed in the stationary phase of AMC96-6. These 

differences may be due to the different experimental ap-

proaches used; one in vitro the other in vivo (Ogunniyi et 

al., 2002).  

In conclusion, we have compared dynamic whole-

genome expression in a virulent and an avirulent strain of 

S. pneumoniae. Their growth-dependent gene expression 

profiles clearly differed and our results will be helpful in 

further study of the virulence of S. pneumoniae.   
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