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Proteomic comparisons of 
opaque and transparent variants 
of Streptococcus pneumoniae by 
two dimensional-differential gel 
electrophoresis
Melissa H. Chai1, Florian Weiland2,3,4, Richard M. Harvey1, Peter Hoffmann2,3, Abiodun D. 
Ogunniyi1,5 & James C. Paton1

Streptococcus pneumoniae (the pneumococcus) is a human pathogen, accounting for massive global 
morbidity and mortality. Although asymptomatic colonization of the nasopharynx almost invariably 
precedes disease, the critical determinants enabling pneumococcal progression from this niche to 
cause invasive disease are poorly understood. One mechanism proposed to be central to this transition 
involves opacity phase variation, whereby pneumococci harvested from the nasopharynx are typically 
transparent, while those simultaneously harvested from the blood are opaque. Here, we used two 
dimensional-differential gel electrophoresis (2D-DIGE) to compare protein expression profiles of 
transparent and opaque variants of 3 pneumococcal strains, D39 (serotype 2), WCH43 (serotype 4) and 
WCH16 (serotype 6A) in vitro. One spot comprising a mixture of capsular polysaccharide biosynthesis 
protein and other proteins was significantly up-regulated in the opaque phenotype in all 3 strains; other 
proteins were differentially regulated in a strain-specific manner. We conclude that pneumococcal phase 
variation is a complex and multifactorial process leading to strain-specific pathogenicity.

Streptococcus pneumoniae (the pneumococcus) is a formidable human pathogen, responsible for massive global 
morbidity and mortality. It causes a broad spectrum of diseases including pneumonia, meningitis, bacteraemia 
and otitis media, and accounts for more deaths worldwide than any other single pathogen1. In developing coun-
tries, up to 1 million children under 5 years of age die each year from pneumonia, of which S. pneumoniae is the 
single commonest cause, accounting for 20% of all deaths in this age group1. Asymptomatic nasopharyngeal 
carriage is an essential first step in the pathogenesis of disease2, and pneumococcal strains differ markedly in 
their capacity to invade other tissues from this niche. While certain serotypes and/or clonal groups are more often 
isolated from the nasopharynx, and others more often isolated from sterile sites (such as blood), the underlying 
genomic/phenomic differences responsible for these variations between strains are yet to be fully elucidated.

Studies of the phenomenon of colony opacity phase variation in S. pneumoniae are providing clues regarding 
genes that might be central to the transition from carriage to invasive disease. When S. pneumoniae colonies 
growing on agar plates are observed under oblique transmitted light, two distinct morphologies, described as 
“opaque” (O) and “transparent” (T), are observed3. When opaque colonies are subcultured, a small proportion of 
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them spontaneously change to the transparent form, and vice versa3, 4. Interestingly, the T forms have an enhanced 
capacity to colonize the nasopharynx relative to O variants of the same strain, which correlates with increased 
in vitro adherence to epithelial cells, while the opaque form is associated with massively increased virulence in 
animal models of systemic disease4, 5.

The relevance of phase variation to the pathogenesis of human disease is supported by the finding that when 
apparently identical S. pneumoniae strains are isolated simultaneously from the nasopharynx and blood of 
patients with invasive disease, those from the former niche are largely in the transparent phase, whilst those 
from the latter are almost all opaque3. Recently, we reported a random six-phase genetic rearrangement in a 
type I restriction-modification (RM) system (SpnD39III) with distinct methylation patterns resulting in differ-
ential gene expression profiles6. The variants also displayed distinct phenotypic changes, including opacity phase 
variation differences, which have a major impact on pneumococcal virulence in mice. Variation in the levels of 
expression of pneumococcal capsular polysaccharide (CPS) and certain surface proteins between the two forms 
has also been reported7. However, colony opacity variation still occurs in unencapsulated mutants, suggesting 
that the varying amount of capsule was not entirely responsible for the colony opacity phenotype3. Interestingly, 
T variants exhibit a higher teichoic acid to capsule ratio4, an observation that could be of relevance given that 
teichoic acid is important for the anchorage of choline-binding proteins to the pneumococcal surface, thereby 
enhancing colonization of the nasopharynx8, 9. Phosphorylcholine present on the teichoic and lipoteichoic acid 
residues of the cell wall also interact with the platelet-activating factor receptor on respiratory epithelium, facili-
tating adherence to the nasopharynx8, 10.

We reasoned that the inconsistencies in the literature with regard to distinct expression patterns of proteins 
between pneumococcal colony opacity variants3, 7, 11 could have arisen because the pneumococcal strains and 
analytical techniques in each of those studies were different. In order to gain further insight into the pheno-
typic differences that underpin colony opacity variation in S. pneumoniae, we used 2-dimensional differential 
gel electrophoresis (2D-DIGE) to carry out a comprehensive comparison of protein expression profiles of T and 
O variants of 3 well-characterized pneumococcal strains: D39 (serotype 2), WCH43 (serotype 4) and WCH16 
(serotype 6A). These strains display distinct pathogenicity profiles: D39 causes severe pneumonia and high-grade 
bacteremia, WCH43 demonstrates the “classical” disease progression from the nasopharynx to the lungs and 
dissemination to blood and then to the brain, while WCH16 seems to progress directly to the brain with minimal 
lung and blood involvement12–14. These distinct characteristics make these strains ideal for our study. We hypoth-
esize that our analyses will identify proteins common to T and O variants of the 3 strains, while also accentuating 
their differences.

Results
Identification of opaque and transparent variants.  Pure O and T working stocks of D39, WCH16 
and WCH43 were selected on THY-catalase plates based on their appearance under oblique, transmitted light as 
described in Methods. We observed that the O colonies are typically of convex elevation, compared with those of 
T form, which have umbonate elevation, exhibiting a doughnut-like appearance (Fig. 1). We also found that the 
strains have markedly different incubation times by which the colony opacity could easily be observed: 18 hours 
for D39, 24 hours for WCH16, and 36 hours for WCH43.

Analysis of differential protein expression profiles.  To detect differentially expressed proteins between 
the O and T phenotype of the 3 strains, three independent DIGE experiments were performed, as described in 
Methods.

D39.  The gel image data from the comparison of the T (n � 4) and O variants (n � 4) of D39 by DIGE was pro-
cessed by DeCyder. Spot patterns on the individual gel images of D39 were matched against a single master gel to 
ensure that all spots across the different gel images had the same reference number. A total of 982 protein spots 
were detected on the master gel, 602 of these spots were present in 75% of the spot maps (9 out of 12). Univariate 
statistical testing detected 65 differentially expressed spots with a p-value � 0.05. Of the 65 proteins, 37 protein 
spots were detected to be up-regulated in the O variant, while 28 protein spots were up-regulated in the T variant. 
The average fold-changes were between 10.9 (up-regulated in the O variant) and 15.8 (up-regulated in the T var-
iant) (Fig. 2a; Supplementary Fig. S1). At a significance level � � 0.05, the q-value extended false discovery rate 
(FDR) was calculated to be 13%. Post-hoc power calculation resulted in the ability to detect a fold-change of 2.5 
and above with at least 80% probability.

WCH16.  Detection of differentially expressed proteins between the O (n � 4) and T variants (n � 4) of WCH16 
was performed as described for D39 above. In total, 1168 protein spots were detected on the master gel, and 674 
of these could be detected across 75% of the spot maps. Statistical testing detected 73 proteins as differentially 
expressed with a significance level � � 0.05. Of these, 46 protein spots were up-regulated in the O variant and 
27 protein spots were up-regulated in the T variant. Average fold-changes were calculated to be between 3.7 
(up-regulated in the O variant) and 4.9 (up-regulated in the T variant) (Fig. 2b; Supplementary Fig. S2). The cor-
responding q-value extended FDR was calculated to be 66%. Post-hoc power calculation resulted in the ability to 
detect fold-changes of 2.1 and above with at least 80% probability.

WCH43.  The O (n � 4) and T (n � 4) variants of WCH43 were also compared for differential protein expression 
as described above. On the master gel, 1285 protein spots could be detected of which 879 were present in 75% 
of all spot maps. The statistical testing resulted in 183 differentially expressed proteins, with a cut-off value of 
� � 0.05. As with the other S. pneumoniae strains investigated in this study, there were more up-regulated protein 
spots in the O variant (n � 118) than in the T variant (n � 65). The q-value extended FDR for this significance 
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level of � � 0.05 was 11%. Post-hoc power was calculated and resulted in the ability to detect a fold-change of 2.5 
and above with at least 80% probability. The average fold-change of the differentially expressed proteins ranged 
between 7.5 (up-regulated in the O variant) and 18.2 (up-regulated in the T variant) (Fig. 2c; Supplementary 
Fig. S3).

Pneumococcal strains exhibit different protein expression profiles.  To examine if there is a com-
mon pathway of regulation between the O and T phenotypes of the 3 pneumococcal strains, up to 20 protein spots 
which were substantially differentially regulated (with a minimum of 2-fold change between the two phenotypes) 
were subjected to identification by mass spectrometry. In this analysis, the proteins identified as up-regulated 
in the O variant of D39 include pyruvate oxidase (SpxB; GI Accession No. 15900627; 3-fold), and bifunctional 
acetaldehyde-CoA/alcohol dehydrogenase (GI Accession No. 15903879; 11-fold), whereas the protein identified 
as up-regulated in the T variant include glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GI Accession 
No. 15901835; 16-fold) and lactate dehydrogenase [GI Accession No. 4138534; 3-fold] (Supplementary Tables S1 
and S2). Generally, fewer proteins were significantly differentially expressed between the O and T variants of 

Figure 1.  Colony morphology of various S. pneumoniae strains and their variants grown on clear media 
(THY) supplemented with catalase. Images were captured using Nikon SMZ1000 on a dissecting microscope 
and viewed through cellSens software. (a) D39 opaque; (b) D39 transparent; (c) WCH16 opaque; (d) WCH16 
transparent; (e) WCH43 opaque; (f) WCH43 transparent.

Figure 2.  2D-DIGE analysis of protein lysates of a mixture of opaque and transparent variants of S. pneumoniae 
D39 (a), WCH16 (b) and WCH43 (c), highlighting differentially-regulated proteins between the variants. 
Images show false-color overlay of Cy2, Cy3 and Cy5 channels. Proteins with different signal intensities are 
shown either in green (Cy3) or red (Cy5) color, where yellow color indicate a similar amount of protein on the 
representative gels.
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WCH16, compared to D39 variants. Notably, guanosine 5�-monophosphate oxidoreductase (GuaC; GI Accession 
No. 169833329; 4-fold) and maltose operon transcriptional repressor (GI Accession No. 15901927; 2-fold) were 
significantly up-regulated in the O variant of WCH16, while fructose-bisphosphate aldolase (Fba; GI Accession 
No. 15900513; 4-fold) and a branched chain amino acid transport ABC transporter substrate-binding protein 
(GI Accession No. 237650408; 3-fold) were significantly up-regulated in the T variant (Supplementary Tables S1 
and S3). The significantly up-regulated proteins in the O variant of WCH43 include formate acetyltransferase 
(GI Accession No. 15900375; 6-fold), fructose-bisphosphate aldolase (Fba; GI Accession No. 15900513; 5-fold) 
and anaerobic ribonucleoside triphosphate reductase (NrdD; GI Accession No. 15900138; 7-fold). In the T 
variant, proteins identified as up-regulated include glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GI 
Accession No. 15901835; 8-fold) and ribose-phosphate pyrophosphokinase (GI Accession No. 15899974; 7-fold) 
(Supplementary Tables S1 and S4).

In order to reduce the dimensionality of the 2D-DIGE data, we applied principal components analysis (PCA) 
to the protein expression patterns between the O and T variants of the 3 strains. Our PCA plots show that the O 
and T variants of D39 are separated in the first principal component (PC), which accounts for 42.7% of overall 
variability of the dataset (Fig. 3). However, there was no linear separation of the O and T variants of WCH16 in 
the first nine PCs, while separation of the O and T variants of WCH43 was observed in the first PC, accounting 
for 39.9% of overall variability of the data.

As a direct comparison of the three independent DIGE experiments was not possible due to non-congruent 
spot patterns between D39, WCH16 and WCH43, a second DIGE experiment was conducted to interrogate for 

Figure 3.  Principal component analysis of DIGE data from four independent experiments. (a) Transparent and 
opaque variants of strain D39 are separated in the first principal component (PC), representing 42.7% of overall 
variability of the dataset; (b) No linear separation of transparent and opaque variants of strain WCH16 in the 
first nine PCs (only the first two shown); (c) Separation of transparent and opaque variants of strain WCH43 
in the first PC, representing 39.9% of overall variability of the data. (d) Data from DIGE experiment including 
all three strains. Clustering of strains can be observed, however only separation of WCH43 transparent and 
opaque strains in the first PC. Circles around different strains are arbitrary in their shape and size and are for 
visualization only.



www.nature.com/scientificreports/

5SCIENTIFIC REPOrTS�������}�ã 2453 �������������ã�w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�w�}�æ�v�x�z�|�{�æ�š

identical pattern of protein regulation (11-055). Only spot 393 was consistently statistically significantly regulated 
between the O and T phenotype in all three strains (Fig. 4). Proteins contained in this spot were identified by 
mass spectrometry as adenylosuccinate synthetase, UDP-N-acetylmuramate–L-alanine ligase, ATP-dependent 
Clp protease ATP-binding subunit, 30S ribosomal protein S1 and capsular polysaccharide biosynthesis protein 
Cps4J (Supplementary Table S1).

SpxB analysis.  A previous study had reported lower SpxB expression in O variants of S. pneumoniae sero-
types 6B and 9 V7, which contrasts with our findings with the O variant of D39. Therefore, in order to further 
assess the impact of SpxB expression on colony opacity, the spxB gene was deleted from the O and T variants of 
D39 by targeted deletion replacement mutagenesis using overlap PCR15. Both O and T spxB mutant derivatives 
of D39 appeared larger, rounder and were more of O variant morphology on THY-catalase plates compared to 
D39O wild-type (D39O WT) (Fig. 5). Since the deletion of spxB in the variants appeared to produce markedly 
more O colonies, the spxB gene from D39O was cloned into plasmid pAL3 and used to transform D39O for 
ectopic expression. The resultant mutant, D39O-pAL3::spxB, had the same colony phenotype compared to D39O 
WT (Fig. 5). Interestingly, quantitative Western blotting of whole cell lysates from D39O, WCH16O, WCH43O 
and their respective T variants using mouse anti-SpxB serum showed no apparent difference in the amount of 
SpxB produced by any of the variants (Fig. 6).

GAPDH activity is increased in T variants of D39 and WCH43.  Our proteomic data showed that 
GAPDH was up-regulated in the T variant of D39 and up-regulated in 4 out of 5 GAPDH spots in the T variant 
of WCH43. However, GAPDH type 1 was up-regulated in the O variant of WCH16. In order to investigate these 
differences, the GAPDH activity between the O and T variants of D39, WCH16 and WCH43 were compared as 
described in Methods. For D39 and WCH43, the GAPDH activity in the T variant was significantly higher (about 
1.5-fold) compared to its O counterpart, while there was no significant difference in GAPDH activity between the 
O and T variants of WCH16 (Table 1).

Quantitative Western Blot Analysis of Various Proteins shows no consistent regulation.  It 
was reported previously that O and T variants express different amounts of certain pneumococcal virulence 
factors and proteins involved in metabolism3, 7. Therefore, the expression levels of 14 pneumococcal proteins 
of the 2 variants of D39, WCH16 and WCH43 was evaluated by quantitative Western blotting of cell lysates 
using protein-specific mouse polyclonal antisera. Of these, 4 proteins (pyruvate kinase (Pyk), neuraminidase A 
(NanA), pneumolysin (Ply) and pneumococcal histidine triad protein D (PhtD) showed significant differences in 
the expression levels between the 2 variants in at least one of the three strains (Fig. 7). Interestingly, none of the 
proteins was shown to be consistently up-regulated in a particular variant in all 3 strains, suggesting that these 
proteins could play distinct roles in the physiology of different pneumococcal strains.

Discussion
The ability of respiratory pathogens such as Haemophilus influenzae and Neisseria meningitidis to disseminate 
from the nasopharynx to deeper host tissues to cause invasive disease has been shown to be dependent on their 
ability to reversibly adapt to changes in the microenvironment16–19. For S. pneumoniae, the phenomenon of 
opacity phase variation, first described over 2 decades ago3, was suggested to play a critical role in pneumo-
coccal pathogenesis, adaptation to different host microenvironments20 as well as host-pathogen interaction. It 
was demonstrated (and also subsequently) that when apparently identical S. pneumoniae strains are isolated 

Figure 4.  3D view of protein spot 393 in all three strains, upper view; opaque variant, lower view; transparent 
variant. Right side: Expression profile of spot 393 in all three strains.
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