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Summary

Segregation of replicated chromosomes is an essen-
tial process in all organisms. How bacteria, such as
the oval-shaped human pathogen Streptococcus
pneumoniae, efficiently segregate their chromo-
somes is poorly understood. Here we show that
the pneumococcal homologue of the DNA-binding
protein ParB recruits S. pneumoniae condensin
(SMC) to centromere-like DNA sequences (parS) that
are located near the origin of replication, in a similar
fashion as was shown for the rod-shaped model bac-
terium Bacillus subtilis. In contrast to B. subtilis, smc
is not essential in S. pneumoniae, and Dsmc cells do
not show an increased sensitivity to gyrase inhibitors
or high temperatures. However, deletion of smc
and/or parB results in a mild chromosome segrega-
tion defect. Our results show that S. pneumoniae con-
tains a functional chromosome segregation machine
that promotes efficient chromosome segregation by
recruitment of SMC via ParB. Intriguingly, the data
indicate that other, as of yet unknown mechanisms,
are at play to ensure proper chromosome segregation
in this organism.

Introduction

The Gram-positive bacterium Streptococcus pneumoniae
is a commensal of the human nasopharynx. Under spe-
cific circumstances however, it behaves as a pathogen
and can cause diverse pathologies such as pneumonia,
meningitis, otitis media and sepsis (Weiser, 2010). Over

the last decades S. pneumoniae resistance to antimicro-
bial drugs has spread and is now a serious problem
(O’Brien et al., 2009; van der Poll and Opal, 2009; Lynch
and Zhanel, 2010; Mitchell and Mitchell, 2010). To com-
pensate for this unwanted development, novel antimicro-
bial drugs are required. Therefore, insights into essential
processes in the cell, such as chromosome segregation,
could potentially lead to the identification of new drug
targets and to the development of novel antimicrobials. In
the current study we aimed to get a first glimpse of the
molecular mechanisms underlying chromosome segrega-
tion in S. pneumoniae.

Eubacterial chromosomes contain a single origin of rep-
lication (oriC) that is recognized by the initiator protein
DnaA that allows assembly of a replication initiation
complex and mediates open complex formation (Kornberg
and Baker, 1992; Mott and Berger, 2007; Zakrzewska-
Czerwinska et al., 2007; Katayama et al., 2010; Schole-
field et al., 2011). Daughter chromosomes produced by
DNA replication must be segregated to opposite halves of
the cell so that after cell division both daughter cells inherit
a single copy of the chromosome (Reyes-Lamothe et al.,
2008; Graumann and Knust, 2009; Bloom and Joglekar,
2010; Errington, 2010; Toro and Shapiro, 2010). The pro-
cesses underlying chromosome segregation in bacteria
are still poorly understood. Nevertheless, work in model
organisms such as Bacillus subtilis, Caulobacter crescen-
tus and Escherichia coli have revealed two key players; the
chromosome partitioning system, ParABS and the SMC
(structural maintenance of chromosomes) protein complex
(Thanbichler, 2009; Gerdes et al., 2010; Toro and Shapiro,
2010).

The ParABS locus is a widely conserved system that
was originally identified as a crucial factor for the parti-
tioning of low-copy number plasmids (Ringgaard et al.,
2009; Gerdes et al., 2010; Salje, 2010). Recently, it has
been demonstrated that chromosomally encoded ParABS
loci also play important roles in the segregation of sister
DNA molecules. parA and parB genes as well as parS
sites, to which ParB proteins specifically bind, are gener-
ally found organized as operons in close proximity to
oriC (Livny et al., 2007). ParA proteins are Walker-type
ATPases that have been shown in Vibrio cholerae and C.
crescentus to form filaments within the cell that possibly
extend from one cell pole to the vicinity of one oriC region
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of the chromosome (Fogel and Waldor, 2006; Hui et al.,
2010; Ptacin et al., 2010; Schofield et al., 2010). ParB–
parS nucleoprotein complexes located near oriC are
thought to induce ATP hydrolysis by ParA proteins thereby
pulling the oriC region of the chromosome towards the cell
pole. ParA in B. subtilis (also) regulates the initiation of
chromosomal DNA replication via DnaA (Murray and Err-
ington, 2008). Interestingly, the genomes of some organ-
isms, including S. pneumoniae, lack parA (but not parB)
homologues, suggesting that they have lost the chromo-
some segregation activity of the parABS system. This
raises the question which alternative mechanisms ensure
proper separation of sister chromosomes in these
organisms.

In eukaryotes, the maintenance of chromosomes
depends on several SMC complexes that function in
diverse processes such as sister chromatid cohesion,
recombination, DNA repair and mitotic chromosome
condensation (Onn et al., 2008; Hudson et al., 2009;
Nasmyth and Haering, 2009). Bacteria encode only a
single highly conserved SMC protein that forms com-
plexes with ScpA and ScpB proteins, the former being a
member of the kleisin family of proteins. The genomes of
some g-proteobacteria (e.g. E. coli ) lack SMC and ScpAB
homologues but encode for structurally related proteins
called MukB and MukEF. The precise function of bacterial
SMC complexes is still unclear; however, they have
been suggested to play a crucial role in the organization
and condensation of chromosomes (Mascarenhas et al.,
2002; Gruber and Errington, 2009; Sullivan et al., 2009).

Both SMC-ScpAB in B. subtilis and MukBEF in E. coli
form discrete foci in the cell that localize in the vicinity of
the origin of replication (Danilova et al., 2007). In B. sub-
tilis, this chromosomal localization of condensin depends
on ParB proteins bound to parS sites (Gruber and Err-
ington, 2009; Sullivan et al., 2009). Deletions of genes of
the SMC complex in B. subtilis result in strains with a
lethal phenotype at standard growth conditions. At slow
growth, these strains show aberrant chromosome struc-
tures and contain a high proportion of anucleate cells
indicating a role in chromosome segregation (Britton
et al., 1998; Moriya et al., 1998; Mascarenhas et al.,
2002; Soppa et al., 2002). However, in Mycobacterium
smegmatis and spherical organisms like Staphylococcus
aureus and Deinococcus radiodurans it has been
reported that smc deletion mutants grow normally with
only minor phenotypic aberrations, such as a few anucle-
ated cells or hypersensitivity to gyrase inhibiting drugs
(Guthlein et al., 2008; Bouthier de la Tour et al., 2009; Yu
et al., 2010).

Little is known about chromosome segregation in Strep-
tococci, a taxonomic group belonging to the firmicutes
and comprising major pathogens such as S. pneumoniae.
However, the presence of parB in S. pneumoniae was

identified previously (Gasc et al., 1997; Halfmann et al.,
2007) and smc was properly annotated in the S. pneumo-
niae genome sequence (Hoskins et al., 2001; Lanie et al.,
2007). Therefore, we hypothesized that the ParB/parS/
SMC segregation system is also important for chromo-
some segregation in S. pneumoniae. We tested this
hypothesis using a combination of fluorescence micros-
copy and chromatin immunoprecipitation (ChIP) tech-
niques and we show that indeed also the pneumococcal
homologue of ParB is enriched at parS sites near oriC.
We confirm that the previously predicted parS sites are
functional (Livny et al., 2007), and identify a fourth parS
site to which ParB accumulates at high levels. Further-
more, we show that S. pneumoniae SMC is recruited to
parS by the action of ParB. Moreover, we demonstrate
that ParB is not essential in S. pneumoniae although
a parB mutant exhibits mild defects in chromosome
segregation. Finally, we managed to obtain a smc deletion
mutant, which is viable although this strain also displays
deficits in chromosome segregation. Taken together, our
data suggest a similarity between the mechanisms found
in B. subtilis and S. pneumoniae although other, not yet
identified, mechanisms also play a role in chromosome
organization and segregation in S. pneumoniae.

Results

ParB protein accumulates at parS sites near the origin
of replication region

For B. subtilis it was previously shown that ParB (Spo0J)
fused to the green fluorescent protein (GFP) forms dis-
crete foci within a cell when examined by fluorescence
microscopy, and that the location of the foci correspond to
origin regions (Glaser et al., 1997; Lin et al., 1997; Sulli-
van et al., 2009). In order to visualize the localization of S.
pneumoniae ParB in living cells, a C-terminal GFP fusion
was constructed that contains parB fused to the gfp gene
at its endogenous locus under its own promoter thereby
replacing the wild-type parB gene (strain MT2, Fig. 1A).
The ParB–GFP construct appears to be fully functional,
as judged by growth curve analysis (see below; Fig. S1),
and by the absence of aberrantly shaped cells (data not
shown). Cells were grown in C+Y medium at 30°C and
fluorescence microscopy of the cells showed foci (up to 2
discrete foci per cell) but also a cytoplasmic/nucleoid
signal (Fig. 1B), which was not present in an untagged
control (data not shown). Western blot analysis showed
that this cytoplasmic signal was not due to degradation of
ParB–GFP (Fig. 1C). Staining of the DNA with DAPI (4′-
6-diamidino-2-phenylindole) showed that the foci overlap
with the nucleoid (data not shown).

To define whether and at which location(s) ParB binds
to the chromosome, a ChIP experiment in combination
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with hybridization to a high-density amplicon array (ChIP-
on-chip) was performed utilizing the ParB–GFP strain
(MT2). Cells were grown to exponential phase in GM17
medium at 37°C, fixed with formaldehyde, and subjected
to ChIP using GFP-specific antibodies coupled to mag-
netic beads (for details see Experimental procedures).
DNA from the input and eluate fractions was randomly
amplified, labelled and hybridized to a DNA-microarray.
The ratio of intensities between eluate and input DNA
was plotted against the position on the chromosome. As
shown in Fig. 2A, ParB–GFP is particularly enriched in
the vicinity of the oriC region. Furthermore, the three
parS sites previously predicted by bioinformatics at 2° (at
~ 11 kb of the 2046 kb S. pneumoniae D39 genome),
-3.7° (2025 kb) and -19.2° (1936 kb) from oriC (Livny
et al., 2007) all show a high ParB–GFP enrichment.
Strikingly, the highest accumulation of ParB–GFP was
observed for probe SPD_2057 at approximately -2°
(2036 kb) from oriC (Fig. 2A). In an attempt to identify
whether a putative parS site is present at this location, we
used the predicted S. pneumoniae parS site that scored

the highest according to the algorithm of Livny et al. 2007
(parS at 2° from oriC: 5′-TGTTTCACGTGAAACA-3′) and
searched the S. pneumoniae D39 genome for similar
sequences with either 1 or 2 mismatches using the
genome mining software Genome2D (Baerends et al.,
2004). Our search identified four sequences, three of
which, not surprisingly, were also the predicted parS sites
by Livny et al. The fourth motif however had the sequence
5′-AGTTTCACGTGAAACT-3′ (a perfect 8 bp inverted
repeat with two changes compared with parS at 2°) and
was located at -1.6° from oriC, almost exactly where the
ChIP-chip data showed the highest enrichment of ParB–
GFP. A high level of ParB–GFP enrichment was also
observed for probe SPD_1620, at approximately -72°
(1635 kb) from oriC (Fig. 2A). Our bioinformatics analysis,
however, failed to find a clear parS consensus sequence
at this site. Some minor sites of enrichment were also
observed, for instance, at approximately -29° and 6° from
oriC (Fig. 2A), but also at these sites sequences with
close homology to the parS consensus could not be
identified.

Fig. 1. ParB–GFP localizes as foci in live cells.
A. Schematic presentation of the parB locus, which is near oriC, and the genetic layout of strain MT2 in which the native parB gene is
replaced by a parB–gfp fusion. The oriC region (0° of the circular chromosome) is indicated by a dotted line.
B. Localization of ParB–GFP in live S. pneumoniae cells. Micrographs of strain MT2 (PparB-parB–gfp) are shown. Arrows indicate a ParB–GFP
focus.
C. Western blot analysis of strains D39 and MT2.
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To verify the ChIP-chip data, the DNA of the input and
eluate fractions of strains MT1 (no GFP, negative control)
and MT2 (ParB–GFP) were analysed using real-time
quantitative PCR with primer pairs specific for the three
previously predicted parS sites (2°, -3.7° and -19.2°), the
newly identified parS site (-1.6°), probe SPD_1620 (-72°)
and the terminus of replication. From the strain lacking
GFP (MT1) very little DNA was precipitated (not visible
due to the scale of the graph). In contrast, the four parS
sites of strain MT2 (ParB–GFP) were pulled down
efficiently (Fig. 2B). ParB–GFP was not enriched at
SPD_1620 (-72°), indicating that the ChIP-chip peak for
SPD_1620 constitutes a microarray artefact. As expected,

ParB–GFP was also not enriched at the terminus region.
Taken together, these data show that S. pneumoniae con-
tains at least four parS sites that are all highly occupied by
ParB in vivo.

ParB recruits SMC to parS sites

Based on prior studies in B. subtilis and the results
described above, we hypothesized that S. pneumoniae
ParB recruits the SMC complex to the oriC region. To test
this hypothesis in vivo, we set out to generate a fusion of
SMC to GFP at its endogenous locus under its own
promoter. Unfortunately, construction of a SMC–GFP

Fig. 2. ParB is enriched at parS sites near
the origin of replication.
A. ChIP-on-chip analysis of the distribution of
ParB–GFP on the Streptococcus pneumoniae
genome. Exponentially growing cells of strain
MT2 (ParB–GFP) were subjected to
chromatin immunoprecipitation (ChIP) using
anti-GFP antibodies and microarray analysis
(chip). Enrichment in the eluate
immunoprecipitated (IP) fraction relative to the
input DNA sample is shown for the length of
the circular chromosome starting with the
terminus of replication (-180° from oriC). The
positions of parS sites are indicated as well
as the false positive probe SPD_1620.
B. Exponentially growing cells of strains MT1
(parB–spec) and MT2 (parB–gfp–spec) were
collected for ChIP analysis using anti-GFP
antibodies. Input and eluate DNA samples
were analysed by real-time quantitative PCR.
Pull-down efficiency (ChIP-DNA/input-
DNA*100) is plotted for each primer pair. A
typical outcome of a ChIP-qPCR experiment
is shown.

Chromosome segregation in S. pneumoniae 679

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 81, 676–688



fusion at its endogenous locus failed in several attempts.
Therefore, we constructed an N-terminal fusion of GFP to
SMC (strain AM14) utilizing the vector pJWV25, which
places the gene fusion under the control of a zinc-
inducible promoter (PZn) and integrates the construct at
the non-essential bgaA locus leaving the endogenous
smc locus intact (Eberhardt et al., 2009) (Fig. S2A). The
GFP–SMC fusion is functional since it is able to restore
normal growth in smc mutant cells (see below;
Fig. S2C–D). Strains D39 (wild-type) and AM14 (GFP–
SMC) were grown in C+Y medium at 30°C and at mid-
exponential growth, 0.15 mM ZnSO4 was added and cells
were analysed by Western blotting (Fig. S2B) and fluores-
cence microscopy after 1 h of induction. As shown in
Fig. 3A, a nucleoid-like localization was observed with the
frequent presence of distinct foci in most cells (on average
0.73 foci per cell, 562 cells counted). Since SMC colo-
calizes with ScpB in B. subtilis (Mascarenhas et al.,
2002) we examined localization of the pneumococcal
homoloque of ScpB. As shown in Fig. S3A, GFP–ScpB
displays a nucleoid-like localization with the clear pres-
ence of foci, very similar to the localization pattern of
GFP–SMC.

If ParB is responsible for the recruitment of the SMC
complex to the parS sites and the foci observed for strain
AM14 (GFP–SMC) represent localization of GFP–SMC at
the parS sites, then the foci should disappear in the
absence of ParB. Therefore, we constructed a parB dele-
tion strain (see below) and introduced this construct into
the GFP–SMC reporter strain, resulting in strain AM16
(gfp–smc, DparB). Strikingly, GFP–SMC foci were rarely
observed in the absence of ParB (Fig. 3B) (on average
0.09 foci per cell, 514 cells counted). As only a small level
of protein degradation was present for the GFP strains,
most of the observed fluorescence signal reflects full-
length GFP–SMC (Fig. S2B). GFP–ScpB foci were also
absent when parB was deleted (Fig. S3B). It should also
be noted that the fluorescence signals were not uniform in
all cells, which is likely due to the inducible system used
and the relatively short induction time.

To verify these microscopic observations, we attempted
to detect specific accumulation of SMC at parS sites
by ChIP. Using GFP-specific antibodies, we performed
ChIP on exponentially growing cells of strains AM10 (gfp,
negative control), AM14 (gfp–smc) and AM16 (gfp–smc,
DparB) with primer pairs specific for the four parS sites,
the terminus of replication (Fig. S4), and for multiple other
chromosomal locations on both the left and right arms of
the chromosome (Fig. 3C). The DNA of the input and
eluate fractions were analysed using real-time quantita-
tive PCR. As expected, the control strain carrying an
untagged GFP (AM10) showed low levels of enrichment
at all tested genetic loci (Fig. S4). Strain AM14 (GFP–
SMC) however, showed strong enrichment at multiple

positions within a 50kb region around oriC that includes
the three parS sites with highest ParB occupancy (parS
-3.7°, parS -1.6° and parS 2°) (Fig. 3C). Much less SMC
was detected by ChIP at fifteen other sites on the left and
right arm of the chromosome and the replicaton terminus
region. In accordance with the microscopy data, in the
absence of ParB protein, the strong enrichment of GFP–
SMC near oriC was lost and the protein was instead
nearly uniformly distributed over the tested genetic loci
(Fig. 3C and Fig. S4). This suggests that ParB is crucial
for the recruitment of SMC to the origin of replication
region in S. pneumoniae.

ParB contributes to chromosome segregation but is not
essential in S. pneumoniae

Although a knock-out of parB in S. pneumoniae has been
reported previously (DspoJ::ermAM), this mutant has not
been studied with regard to chromosome segregation
(Sebert et al., 2002). Furthermore, Dagkessamanskaia
and co-workers constructed a strain that lacked the
upstream regulatory region of parB (DhtrA-orfL) likely
resulting in transcriptional downregulation of parB, but this
strain was studied in the context of genetic competence
(Dagkessamanskaia et al., 2004). In order to investigate
the role of parB in S. pneumoniae in the context of chro-
mosome segregation, we constructed a complete, non-
polar deletion of parB (Fig. 4A and see Experimental
procedures) and sequencing verified the parB locus in the
mutant. The growth rate of the S. pneumoniae parB dele-
tion mutant in exponential phase is similar to wild-type;
however a slight increase in the lag phase after dilution of
exponentially growing cells was consistently observed
(Fig. 4C and Fig. S1). Cell viability, as determined by
plating assays, showed no significant difference com-
pared with wild-type (Fig. S5).

To examine whether ParB plays a role in chromosome
segregation, DNA of exponential growing cells from C+Y
medium at 30°C was stained with DAPI and cells were
analysed by phase-contrast and fluorescence microscopy.
In the wild-type (MT1) no cells lacking nucleoids (0 out of
1000) were observed whereas in the DparB mutant 0.8% (8
out of 950) of the cells were anucleate (significantly differ-
ent from the wild-type, P < 0.05, Fisher’s exact test). This
percentage is comparable with the phenotype observed for
a parB deletion mutant in B. subtilis where 1% to 2%
anucleate cells were observed (Ireton et al., 1994). When
cells were grown at 37°C, the chromosome segregation
defect was even more severe (3.5% anucleate cells, 42 out
of 1210 cells, P < 0.05, Fisher’s exact test) and besides
anucleate cells, frequently cells with unseparated nucle-
oids were observed (Fig. 5A and B). Taken together, these
results indicate that ParB is essential for efficient chromo-
some segregation in S. pneumoniae.
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Fig. 3. Localization of SMC depends on
ParB. Cells were analysed by fluorescence
microscopy as described in the Experimental
procedures. Micrographs of strains AM14
(PZn–gfp–smc) (A) and AM16 (PZn–gfp–smc,
DparB) (B) are shown. Arrows indicate
GFP–SMC foci.
C. ChIP-qPCR analysis shows that
GFP–SMC is specifically enriched near oriC,
only in the presence of ParB. Pull-down
efficiency for strains AM14 and AM16
(ChIP-DNA/input-DNA*100) is plotted for each
primer pair. A typical outcome of a
ChIP-qPCR experiment is shown. The
asterisk (*) indicates that the qPCR primer
pair for the parB locus does not amplify DNA
in the parB mutant strain AM16.
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SMC is not essential in S. pneumoniae but shows
defects in chromosome segregation

In many bacteria the deletion of the smc gene results in
impaired growth and other phenotypes. For instance, in
B. subtilis a smc deletion mutant cannot grow at high
growth rates, and anucleate cells are frequently observed
even under slow growth conditions (Britton et al., 1998;
Britton et al., 1998; Moriya et al., 1998; Moriya et al.,

1998; Mascarenhas et al., 2002; Soppa et al., 2002).
Moreover, a B. subtilis smc mutant is hypersensitive to
gyrase inhibiting drugs (Lindow et al., 2002). It has
recently been shown that smc deletion mutants in cocci,
such as S. aureus and D. radiodurans, grow normally
with only mild phenotypes (Bouthier de la Tour et al.,
2009; Yu et al., 2010).

The abovementioned observations in rod-shaped and
round cells made us wonder if the oval-shaped S. pneu-

Fig. 4. Growth analysis of cells lacking ParB
and SMC.
A. Schematic presentation of the parB locus
and the genetic layout of strains MT1 and
MT3. Strain MT1 contains a spectinomycin
inserted downstream of the parB gene,
leaving the parB and oriC loci intact. DNA of
strain MT1 was used as a template to
construct strain MT3, in which parB is
completely removed (see online
supplementary information for more details).
B. Schematic presentation of the smc locus
and the genetic layout of strain AM39 (Dsmc).
Strain AM39 was constructed by replacing the
entire smc gene with a promoterless and
terminatorless trimethoprim resistance
cassette, leaving the rest of the operon intact
(also see Fig. S6).
C. Cells were grown in C+Y medium at 37°C
in microtitre plates and the OD595 was
measured every 10 min (log scale). Error bars
show the standard deviation between at least
3 independent growth curves. The inset show
the time between 30 and 170 min.
D. parB and smc mutants are not
hypersensitive to gyrase inhibitors. Cells were
grown as above but in the presence of
0.5 mg ml-1 of novobiocin.
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moniae would be viable without smc and what phenotypic
aberrations smc mutants would generate. We managed to
construct a smc deletion mutant by replacing the endog-
enous smc gene with a trimethoprim resistance cassette
(Fig. 4B and see Experimental procedures). Southern
blotting, PCR and sequencing verified the successful con-
struction of the smc replacement mutant, thus smc is not
essential in S. pneumoniae (Fig. S6). Investigating growth
revealed that the Dsmc mutant displays growth character-
istics very similar to the DparB mutant, and although the
growth rate and cell viability is comparable to the wild-
type, Dsmc cells show a prolonged lag phase (Fig. 4C and
Fig. S5). Importantly, DAPI staining showed 0.5% (5 out of
950) anucleate cells in the Dsmc mutant when grown at
30°C in C+Y medium (significantly different from wild-
type, P < 0.05, Fisher’s exact test). The chromosome seg-
regation phenotype was exacerbated when cells were
grown at 37°C (1.8% anucleate cells, 17 out of 965 cells
counted, P < 0.05, Fisher’s exact test, Fig. 5C). Interest-
ingly, the Dsmc/DparB double mutant displayed a pheno-

type similar to the individual knockouts at 37°C (2.8%
anucleate cells, 39 out of 1408 cells; not significantly
different from the DparB or the Dsmc mutants, Fisher’s
exact test P = 0.31 and P = 0.13 respectively) (Fig. 5D
and Fig. S5).

To test whether the S. pneumoniae Dsmc mutant, the
DparB mutant or the Dsmc/DparB double mutant are
hypersensitive to gyrase inhibiting drugs, we grew cells of
strains D39 (wild-type), AM39 (Dsmc), MT3 (DparB) and
JWV415 (Dsmc, DparB) in C+Y medium in microtitre
plates containing different concentrations of antibiotics.
We not only tested the gyrase inhibitor novobiocin (Fer-
randiz et al., 2010), but also examined growth at sub-
inhibitory concentrations of norfloxacin and ciprofloxacin
(both targeting topoisomerases) and ampicillin (targeting
penicillin binding proteins). As shown in Fig. 4D, a hyper-
sensitive response to the gyrase inhibitor novobiocin, or
any of the other antibiotics could not be observed
(Fig. S7A–C). The mutants also did not demonstrate a
temperature-sensitive growth phenotype (Fig. S7D).

Fig. 5. ParB and SMC are required for
efficient chromosome segregation. Cells were
grown in C+Y medium at 37°C and the DNA
was stained with DAPI and collected for
fluorescence microscopy. Overlays between
phase-contrast (red signal) and DAPI
fluorescence (blue signal) are shown. Arrows
indicate anucleate or abnormal cells.
Micrographs of strain D39 (wild-type) (A),
strain MT3 (DparB) (B), strain AM39 (Dsmc)
(C) and strain JWV415 (DparB/Dsmc) (D) are
shown.

Chromosome segregation in S. pneumoniae 683

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 81, 676–688



Discussion

The conserved parABS module has at least three inde-
pendent functions in the maintenance of bacterial chro-
mosomes: (i) it promotes the segregation of replicated
chromosomes as shown in V. cholera and C. crescentus
presumably by pulling oriC regions towards the cell poles
(Ptacin et al., 2010; Schofield et al., 2010; Fogel and
Waldor, 2006); (ii) it regulates the timing of initiation of
DNA replication presumably by a direct interaction of ParA
with the replication initiation protein, DnaA, at least in B.
subtilis (Murray and Errington, 2008) and (iii) it recruits the
SMC protein complex to the vicinity of the origin of repli-
cation in B. subtilis (Gruber and Errington, 2009; Sullivan
et al., 2009) and as well as in S. pneumoniae (this work).
The latter function of parABS is completely independent
of ParA protein as the genome of S. pneumoniae lacks
any ParA protein homologues. Thus, S. pneumoniae
appears to have lost the two ParA dependent functions of
the parABS module but retained its activity for the recruit-
ment of condensin to replication origins.

By deleting parB in S. pneumoniae we found strong
indications that pneumococcal ParB is indeed involved in
chromosome segregation because of a significant propor-
tion of anucleate cells (Fig. 5). The fact that smc and
smc/parB double mutants have similar phenotypes is
consistent with the notion that recruitment of SMC to
the chromosome is a main function of ParB protein in
S. pneumoniae. Interestingly, S. pneumoniae ParB was
shown to interact with the cell division protein DivIVA in a
bacterial two-hybrid screen and by co-immunoprecipitation
experiments, suggesting that ParB might also be important
in connecting the process of chromosome segregation with
cell division (Fadda et al., 2007). Whether the DivIVA–
ParB interaction is relevant in vivo remains to be tested.

In B. subtilis a smc deletion mutant is only viable under
slow growth conditions (Britton et al., 1998; Moriya et al.,
1998). Strikingly, we managed to construct a smc deletion
mutant in S. pneumoniae which is viable in normal growth
media and at normal or even elevated temperatures and is
not hypersensitive to a number of antibiotics including
novobiocin, a potent gyrase inhibitor (Fig. 4, Figs S5
and S7). However, the Dsmc mutant does show a signifi-
cant proportion of anucleate cells indicating an important
role of SMC for efficient chromosome segregation (Fig. 5).

Taken together, our results show that S. pneumoniae
contains a functional chromosome segregation machine
that promotes efficient chromosome segregation by
recruitment of SMC via ParB. The ChIP data shows that
while ParB is specifically enriched at parS sites (Fig. 2),
SMC is more widely distributed over the chromosome with
a strong enrichment in a large region (~ 50 kb) around
oriC (Fig. 3C). This is also consistent with the microscopy
data that show that GFP–SMC foci are a bit more diffuse

and were more difficult to capture than ParB–GFP foci.
The frequent observation of two connected daughter cells
that contain a bilobed nucleoid in the parB/smc mutants,
suggests that a major role of ParB and SMC is to facilitate
the partitioning of chromosomes (Fig. 5). This first in-
depth analysis of the ParB/parS/SMC system in a Gram-
positive organism other than B. subtilis suggests that
the ParB/parS/SMC system might be a mechanism that
ensures efficient chromosome segregation in a wide
variety of bacteria.

While the ParB/parS/SMC system seems to be similar
between the two organisms, it remains puzzling why SMC
and ParB are not essential in S. pneumoniae under
laboratory conditions. An attractive hypothesis is that S.
pneumoniae contains additional, as of yet unknown chro-
mosome segregation factor(s) that drive this process. An
alternative hypothesis is that chromosome segregation in
S. pneumoniae occurs rather passively via an entropy
driven process in which the role of proteins such as SMC is
to create the right physical conditions that support self-
demixing of sister chromosomes (Jun and Mulder, 2006;
Jun and Wright, 2010). These exciting hypotheses are
currently under investigation in our laboratories and might
result in the identification of novel targets that could be
used to combat pathogenic Streptococci.

Experimental procedures

Strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. S. pneumoniae strains were grown as standing cul-
tures in M17 broth (Terzaghi and Sandine, 1975) containing
0.5% (w/v) glucose (GM17) (for ChIP analysis) or in complex
C+Y medium (Martin et al., 1995) at 30°C or 37°C (for
microscopy). Detailed growth conditions are described in the
supplementary information as well as the construction of the
plasmids and strains used.

Recombinant DNA techniques and oligonucleotides

Procedures for DNA purification, restriction, ligation, agarose
gel electrophoreses and transformation of E. coli were carried
out as described by (Sambrook, 2001). The oligonucleotides
used in this study are listed in Table S1 and were obtained from
Biolegio (Nl). S. pneumoniae chromosomal DNA was isolated
using a Promega Wizard Genomic DNA Purification Kit. DNA
modifying enzymes were purchased from Roche (Mannheim,
Germany), New England Biolabs (Ipswich, USA), Bioline
(London, UK) and Fermentas (Burlington, Canada) and used
as described by the manufacturer.

Growth curves

Growth curves were performed in 96 wells plate in a microti-
tre plate reader (Tecan Infinite F200 pro), cells were grown at
37°C and OD595 was measured every 10 or 15 min.
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Western blot analysis and immunodetection

Cells were grown in C+Y medium (4 ml) with or without
0.15 mM ZnSO4 and were harvested at an OD600 of approxi-
mately 0.3 by centrifugation at 9000 r.p.m. for 5 min. The
pellet was resuspended in 100 ml of SEDS lysis buffer and
cells were incubated for 5 min at 37°C. Samples were diluted
in 100 ml 2¥ SDS-loading buffer, boiled for 5 min at 100°C and
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Next, proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane as described (Sambrook,
2001). ParB–GFP and GFP–SMC were detected with
polyclonal anti-GFP antibodies (Invitrogen) and anti-IgG-
rabbit-HRP antibody (GE Healthcare) according to the manu-
facturer’s instructions.

Fluorescence microscopy

Cells were grown at 30°C (or at 37°C for strains AM13
and AM15) in plastic 5 ml capped tubes, filled to a
maximum of 3 ml to allow for enough air for proper GFP
folding, basically as described previously (Eberhardt et al.,
2009). Microscopy pictures were taken with a Deltavision
(Applied Precision) IX71 Microscope (Olympus), using a
CoolSNAP HQ2 camera (Princeton Instruments) and a
300W Xenon light source through a 100¥ oil immersion
objective (phase contrast). For more details, see the
supplementary information.

Chromatin immunoprecipitation (ChIP)

Cells were grown to mid-exponential phase (OD600 ~ 0.2) in
GM17 medium at 37°C (with 0.15 mM ZnSO4 where relevant)

and 84 ml of culture was mixed by inverting with 8.4 ml of
fixing solution [50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM
EGTA, 1 mM EDTA, 30% (v/v) formaldehyde] and incubated
at room temperature for 30 min. Cells were washed and
sonicated as described in the supplementary informa-
tion. Immunoprecipitation was performed using anti-GFP
antibodies (rabbit serum, polyclonal, Invitrogen A-6455) and
proteinG coupled Dyna Beads (Invitrogen) as described in
more detail in the supplementary information.

Real-time qPCR

Real-time qPCR was performed using MESA Fast qPCR
Master Mix from Eurogentec in a 72-well rotor in a QIAGEN
Roto-Gene Q according to Manufacturer’s instructions. CT
values were calculated using the Real-time PCR miner soft-
ware (http://www.miner.ewindup.info/) (Zhao and Fernald,
2005). Primers used for real-time qPCR are listed in
Table S1.

ChIP-on-chip

Input and ChIP DNA (10 ng) from strain MT2 (ParB–GFP)
was randomly amplified using the WGA2 kit from Sigma
according to the manufacturer’s instructions. Next, amplified
DNA was fluorescently labelled using the Bioprime Total
genomic labelling kit from Invitrogen. Eluate DNA was
labelled with AlexA Fluor 3 and input DNA with Alexa Fluor 5
and labelled DNA was hybridized to a DNA-microarray con-
taining amplicons of all open reading frames of S. pneumo-
niae D39 (Kloosterman et al., 2006). The ChIP-on-chip data
was deposited at GEO (accession number GSE26839).

Table 1. Plasmids and bacterial strains used in this study.

Strain/plasmid Relevant genotypea Reference

E. coli
EC1000 F-, araD139 (ara ABC-leu)7679, galU, galK, lacX74, rspL, thi, repA of pWV01 in glgB, KmR Leenhouts et al. (1996)

S. pneumoniae
D39 Serotype 2 strain, cps2 Avery et al. (1944)
MT1 D39, parB–spec (spec integrated just after parB locus) This study
MT2 D39, parB–gfp–spec This study
MT3 D39, D(parB)–spec (parB deleted, spec integrated just after parB locus) This study
AM10 D39, tet, bgaA::PZn–gfp This study
AM13 D39, tet, bgaA::PZn–gfp–scpB This study
AM14 D39, tet, bgaA::PZn–gfp–smc This study
AM15 D39, tet, bgaA::PZn–gfp–scpB, D(parB)–spec This study
AM16 D39, tet, bgaA::PZn–gfp–smc, D(parB)–spec This study
AM39 D39, Dsmc::trmp (smc replaced by trmp) This study
JWV415 D39, Dsmc::trmp, D(parB)–spec This study

Plasmids
pKOT amp, trmp, pBluescript II KS+ Hendriksen et al. (2008)
pORI38 spec, ori+ repA- Leenhouts et al. (1996)
pJWV25 amp, bgaA�, tet, PZn–gfp, �bgaA Eberhardt et al. (2009)
pAM6 amp, bgaA�, tet, PZn–gfp–smc, �bgaA This study
pAM9 amp, bgaA�, tet, PZn–gfp–scpB, �bgaA This study

a. KmR, kanamycin resistant; spec, spectinomycin resistance marker; tet, tetracycline resistance marker; amp, ampicillin resistance marker; trmp,
trimethoprim resistance marker.
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