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An Epigenetic Switch Mediates Bistable Expression of the Type 1 Pilus

Genes in Streptococcus pneumoniae

Alan Basset, Keith H. Turner, Elizabeth Boush, Sabina Sayeed, Simon L. Dove, and Richard Malley

Division of Infectious Diseases, Children’s Hospital, Harvard Medical School, Boston, Massachusetts, USA

Expression of the pneumococcal type 1 pilus is bistable and positively regulated by the transcription factor RlrA. RlrA is also
known to positively control its own expression. Here we present evidence that bistable expression of the type 1 pilus is mediated

by the positive-feedback loop controlling rlrA expression.

Based on a screen designed to identify pneumococcal virulence
genes in a mouse model of infection, the type 1 pilus was
identified to be an important virulence factor (6). Further studies
in mice have confirmed these findings, as the type 1 pilus was
subsequently demonstrated to be a potent inflammatory agonist
(1) and an adhesin (11) and to participate in biofilm formation
(10). The structural proteins of the pilus have been evaluated in
mice as vaccine candidates (5). At the same time, the role of the
pneumococcal type 1 pilus in pneumococcal pathogenesis in hu-
mans remains uncertain, with epidemiological data conflicting.
We have previously demonstrated that the prevalence of pilus
genes was similar in strains isolated from blood or the nasophar-
ynx of children; this lack of enrichment of piliated strains in bac-
teremic isolates strongly argues against a major role of the pilus in
invasive disease (2). After the introduction of the pneumococcal
conjugate vaccine Prevnar in 2000 in the United States, the prev-
alence of strains carrying the pilus genes declined dramatically, as
aresult of the association between the type 1 pilus and the capsular
serotypes covered by the vaccine (2). However, several years later,
with the emergence of replacement strains not covered by the
vaccine, the prevalence of strains carrying the type 1 pilus genes
returned to pre-2000 levels, arguing instead that the presence of
these genes may confer an advantage to the organism (13).
Complicating the picture further, we and others recently dem-
onstrated that type 1 pilus gene expression is bistable (3, 4). In
particular, using flow cytometric analysis with antibodies to struc-
tural proteins of the pilus, we identified the existence of two dif-
ferent cell types within a clonal population of Streptococcus pneu-
moniae strain TIGR4 (T4). One of these cell types expressed the
pilus (high pilus expression [HPE]), whereas the other did not
(low pilus expression [LPE]). The same phenomenon was ob-
served in cell populations of several other clinical pneumococcal
strains (3). We were able to show that the bistable phenotype is
dependent on the presence of the endogenous rlrA promoter and
that bistable pilus expression is negatively regulated by RrgA, a
structural component of the pilus. Our previous work, however,
did not address the mechanistic basis for bistable pilus gene ex-
pression. Several mechanisms for the generation of phenotypically
distinct subpopulations in a clonal population of bacteria have
been described. For instance, phase-variable gene expression can
arise from programmed stochastic modifications to DNA se-
quence or chemistry (reviewed in reference 19). In our case, we
were unable to detect any changes to the rlrA promoter sequence
between HPE and LPE populations (3), suggesting that changes to
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DNA sequence are not involved in controlling the observed phe-
notypic variability in the pneumococcal pilus.

Gene expression systems that involve transcription feedback
can also give rise to phenotypic variability. For example, bistability
can be mediated by a transcription activator acting cooperatively
to positively regulate its own expression; bistability can occur due
to the accumulation of the regulator, in a stochastically deter-
mined subset of cells, to a concentration above the threshold re-
quired to activate expression of the gene encoding the regulator.
Such feedback-mediated bistability controls phenotypic variation
in a number of bacteria, including the opportunistic pathogen
Pseudomonas aeruginosa (18). We have previously shown that ex-
pression of rlrA from its endogenous promoter is required for
bistable pilus expression. Furthermore, RIrA is known to regulate
expression from its own promoter, creating a potential positive-
feedbackloop (7). We therefore hypothesized that bistable expres-
sion of the type 1 pilus genes is mediated by this positive-feedback
loop, with cells in which rlrA expression is autoactivated display-
ing high intracellular concentrations of RlrA with concomitant
high-level expression of the pilus genes.

A hallmark of feedback-mediated bistable systems is that they
display a capacity for hysteresis (12). That is, the expression state
of these systems appears to display a memory of previous expres-
sion states. This phenomenon has been observed in bistable ex-
pression of the lac operon in Escherichia coli, cell cycle progression
in Xenopus laevis oocytes, and numerous synthetic gene expres-
sion systems involving positive feedback (reviewed in reference 9).
Therefore, if the type 1 pilus genes of S. prneumoniae exhibit bi-
stable expression due to a feedback-mediated bistable switch in
rlrA expression, strains lacking this positive-feedback loop should
no longer exhibit a hysteretic response to previous expression
states. To test this prediction, we constructed a pair of strains that
contain an inducible construct for ectopic expression of rlrA and
either are wild type for rlrA at its native locus (and thus contain an
intact positive-feedback loop) or contain a deletion of rlrA (and
thus lack a positive-feedback loop). If rlrA comprises a feedback-
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mediated bistable switch, then only the strain in which the
positive-feedback loop is intact should maintain high expression
of the RlrA-regulated type 1 pilus after ectopic rlrA expression is
withdrawn. Using this experimental approach, we show here that
positive feedback of rlrA is required for persistence of the HPE
phenotype, suggesting that bistable expression of the type 1 pilus
genes is mediated by the positive-feedback loop that involves
RIrA.

In the studies described below, overlapping PCR products were
generated and used to transform strains in which the bicistronic
Janus cassette (17) replaced the gene of interest. Two different
derivatives of TIGR4 (T4) were used in this study, one, called the
“minus-feedback” strain (T4 Pmal23-rlrA ArirA), in which the
endogenous rlrA gene was deleted and reinserted elsewhere in
the genome under the control of a modified maltose promoter
(Fig. 1A), and another one, called the “plus-feedback” strain (T4
Pmal23-rlrA), which carries both the positively autoregulated en-
dogenous rlrA gene and an exogenous copy of the rlrA gene under
the control of the same modified maltose promoter (Fig. 1C).
Both strains were grown for a period of 24 h, harvested for evalu-
ation by flow cytometry, and then reinoculated at a low optical
density daily under the indicated conditions over a period of 3
days. The flow cytometry procedure targeting the RrgB proteins of
the pilus was performed as described previously (3). These strains
were grown in Dulbecco modified Eagle medium (DMEM; Cell-
gro, Mediatech, Inc.) supplemented with either 1% glucose to
repress expression from the maltose promoter (20) or 1% maltose
to induce expression from the maltose promoter.

The results obtained for the minus-feedback strain are shown
in Fig. 1B. On day 1, the majority of cells in the population exhibit
mainly the LPE phenotype, with a minority of cells exhibiting the
HPE phenotype. The latter population is likely a consequence of
residual expression from the modified maltose promoter. The rel-
ative composition of the population of cells obtained after succes-
sive growth of cells from day 1 in DMEM supplemented with
glucose remains similar over days 2 and 3. The degree to which the
pilus is expressed in cells in these populations indicates that in the
presence of glucose, exogenous rlrA expression is repressed to a
level comparable to that of endogenous rlrA expression in cells of
wild-type S. pneumoniae in the LPE state. When cells from day 1
were grown in DMEM supplemented with maltose, a majority of
cells in the population shifted from the LPE to HPE states, indi-
cating successful exogenous expression of the rlrA gene. Impor-
tantly, these cells exhibit a degree of pilus expression similar to
that observed in cells of wild-type S. pneumoniae in the HPE state,
indicating that the rlrA gene can be expressed from the maltose
promoter under induction to a degree similar to that exhibited by
expression from its native locus. When cells from day 2 grown in
maltose were regrown on the following day (day 3) in DMEM
supplemented with maltose, cells remained in the HPE state, sug-
gesting that pilus expression can be maintained over that time
period under ectopic rlrA expression. In contrast, when the same
cells from day 2 grown in the presence of maltose were regrown in
DMEM supplemented with glucose, cells in the HPE state reverted
to the LPE state, consistent with repression of ectopic rlrA gene
expression in the presence of glucose. The results from this strain,
which carries a single copy of rlrA under the control of the induc-
ible maltose promoter, suggest that pilus gene expression is tran-
sient after brief ectopic expression of rlrA in the absence of positive
feedback at the rlrA locus.
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We then conducted the same experiment with cells of the plus-
feedback strain. The pilus is bistably expressed on day 1 when cells
are grown in DMEM supplemented with glucose, and cells exhibit
both the LPE and HPE phenotypes (Fig. 1D). The relative compo-
sition of the population of cells obtained after successive growth of
cells from day 1 in DMEM supplemented with glucose remains
similar over days 2 and 3. On day 2, when grown in DMEM sup-
plemented with maltose, the entire population of cells switches to
the HPE phenotype in a manner similar to that observed with the
minus-feedback strain (Fig. 1D and B). When the cells of the plus-
feedback strain are subsequently cultured in DMEM supple-
mented with glucose on day 3 (i.e., under conditions in which
ectopic expression of rlrA is repressed), cells remain in the HPE
state (Fig. 1D). These results suggest that expression of the type 1
pilus exhibits hysteresis when the positive-feedback loop is intact.
This is the first demonstration of hysteresis in bistable expression
of the pneumococcal type 1 pilus and supports the hypothesis that
positive feedback of rlrA mediates bistable pilus gene expression.

These data therefore provide a plausible explanation for the
stability of the HPE state: once a certain threshold concentration
of RIrA sufficient to activate the positive-feedback loop is reached,
autoactivation maintains high-level expression of rlrA with con-
comitant high-level expression of the type 1 pilus genes. It should
be noted that our experiments do not specifically address the
mechanism by which RIrA positively regulates expression of its
own gene. RIrA may function as an activator simply by contacting
RNA polymerase; alternatively, it is formally possible that RIrA
functions through a more complex mechanism and exerts its ef-
fects by influencing the methylation state of the rlrA promoter
(19).

Given our findings, one could of course wonder why only a
fraction of cells expresses the pilus at any one time. However, as we
observed (3), there is a demonstrable rate of reversion of HPE cells
to the LPE state, and the balance between these rates presumably
determines the proportion of cells in each expression state. In
relation to this, we have shown previously that RrgA interacts
directly with RIrA and negatively regulates pilus gene expression
(3). Moreover, others have demonstrated the importance of other
regulators in the control of pilus gene expression (8, 15, 16). Thus,
the complex interplay between these negative regulators, includ-
ing RrgA, and the positive regulator RIrA may determine this
equilibrium and potentially provide a mechanism for reversion to
the LPE phenotype. Interestingly, both RrgA and RIrA are en-
coded on the rlrA pilus pathogenicity island, suggesting that ac-
quisition of this island conferred not only the genes encoding the
pilus but also the capacity for its bistable expression. This has
important implications for the spread of the type 1 pilus genes
among pneumococcal strains in the clinical setting, as well as for
horizontal gene transfer more broadly.

It is thus apparent that S. pneumoniae maintains very tight
control of type 1 pilus gene expression. The type 1 pilus genes are
present in only a minority (25%) of strains, and, on the basis of
circumstantial epidemiological data, may be more common in
immunologically naive individuals than those with preexisting
antibodies (2, 14). Despite near eradication of strains that contain
the pilus genes soon after the introduction of the pneumococcal
conjugate vaccine, strains that contain the pilus genes have since
returned to previous levels, which argues for a relative advantage
of these genes under certain conditions. However, the fact that the
pilus is bistably expressed, a phenomenon that we propose arises
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FIG 1 An RlrA-mediated positive-feedback loop mediates bistable expression of the pneumococcal type 1 pilus genes. (A and C) Diagrams of the minus-
feedback (A) and plus-feedback (C) strains used in this study. The dashed outline of the rlrA gene represents a deletion of this gene. Light circles represent the RIrA
protein, and dark circles represent the RrgA protein. (B and D) The minus-feedback (B) and plus-feedback (D) strains were grown for 3 days successively. Each
day, cells from the previous day were grown in medium containing either maltose or glucose, for induction or repression, respectively, of ectopic rlrA expression
from the modified maltose promoter. Each plot is a histogram of fluorescence intensity obtained after analyzing a population of cells stained with antibodies
directed against the major pilus subunit protein RrgB. The red arrows indicate a comparison emphasized in the text, namely, growth of the cells before, during,
and after a brief pulse of ectopic rlrA expression.
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due to positive feedback of the positive regulator RlrA, further
supports the view that a complex balance of benefits and costs to
the expression of pilus genes must exist. These may depend on
factors such as age, preexisting immunity, and site of infection or
colonization. Overall, our findings underscore the need for thor-
ough investigations of the pattern and kinetics of pilus expression
during infection in animal models.
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