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Streptococcus pneumoniae becomes competent for genetic transformation when ex-
posed to an autoinducer peptide known as competence-stimulating peptide (CSP).
This peptide was originally described as a quorum-sensing signal, enabling individ-
ual cells to regulate competence in response to population density. However, recent
studies suggest that CSP may instead serve as a probe for sensing environmental
cues, such as antibiotic stress or environmental diffusion. Here, we show that com-
petence induction can be simultaneously influenced by cell density, external pH,
antibiotic-induced stress, and cell history. Our experimental data is explained by
a mathematical model where the environment and cell history modify the rate at
which cells produce or sense CSP. Taken together, model and experiments indicate
that autoinducer concentration can function as an indicator of cell density across
environmental conditions, while also incorporating information on environmental
factors or cell history, allowing cells to integrate cues such as antibiotic stress into
their quorum-sensing response. This unifying perspective may apply to other de-
bated quorum-sensing systems.
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Bacteria release small diffusible molecules in the extracellular medium known as
autoinducers. These molecules induce the expression of particular functions includ-
ing biofilm formation, luminescence and genetic competence as well as their own
production (Fuqua, Winans, & Greenberg, 1994; Waters & Bassler, 2005). The most
prevalent functional interpretation of the production and response to autoinducers
is known as quorum sensing (QS). According to this view, the concentration of au-
toinducer molecules is a proxy for cell density, allowing bacteria to regulate the
expression of those phenotypes that are only beneficial when expressed by many
cells (Fuqua et al., 1994; Waters & Bassler, 2005). However, it is likely that the
concentration of autoinducer molecules does not only reflect cell density, but also
environmental factors, such as the diffusivity of the medium. In fact, alternative hy-
potheses state that bacteria release autoinducers to sense these environmental factors
rather than to monitor cell density. A well–known hypothesis proposed by Redfield
is that the function of autoinducers is diffusion sensing, allowing cells to avoid the
secretion of costly molecules under conditions where they would quickly diffuse
away (Redfield, 2002). Other potential roles suggested for autoinducer production
are sensing local cell density together with diffusion (Hense et al., 2007), the posi-
tioning of other cells during biofilm formation (Alberghini et al., 2009), and temporal
variations in pH (Decho et al., 2009).

We study pneumococcal competence, a system classically used as an example of
QS. However, whether competence is actually controlled by QS has been recently
debated. Competence is a transient physiological state that is developed by Strepto-
coccus pneumoniae, as well as other bacteria. Upon entry into competence, pneumo-
cocci upregulate the expression of genes required for uptake of exogenous DNA as
well as bacteriocins and various genes involved in stress response (Peterson, 2004).
In S. pneumoniae, competence is regulated by an autoinducer molecule known as
the competence–stimulating peptide (CSP) in a two-component regulatory system
formed by the histidine kinase ComD and the response regulator ComE (Havarstein,
Coomaraswamy, & Morrison, 1995; Pestova, Havarstein, & Morrison, 1996) (Fig. 1).
Despite the detailed understanding of the regulatory network of competence induc-
tion, little is known about why competence is controlled by an autoinducer peptide
like CSP. CSP has been classically thought to be a QS signal (Havarstein & Morri-
son, 1999), whose function could be to monitor the density of potential DNA donors
(Steinmoen, Knutsen, & Havarstein, 2002). However, competence can be induced in
response to environmental factors like pH, oxygen, phosphate, and antibiotic stress
(Chen & Morrison, 1987; Claverys & Havarstein, 2002; Echenique, Chapuy-Regaud,
& Trombe, 2000; Prudhomme, Attaiech, Sanchez, Martin, & Claverys, 2006). Based
on this evidence and the finding that competence initiates at the same time in pneu-
mococcal cultures inoculated at different initial densities, it was suggested that CSP
acts as a timing device that allows cells to mount a timed response to environmental
stress independently of cell density (Claverys, Prudhomme, & Martin, 2006). Since
then, this hypothesis has established in the field as an alternative to the QS view
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of competence (Engelmoer & Rozen, 2011; Johnsborg & Havarstein, 2009; John-
ston, Martin, Fichant, Polard, & Claverys, 2014; Prudhomme et al., 2006). Recently,
Prudhomme et al. [2016] renamed the timing device mechanism as a growth-time
dependent mechanism and proposed that a subpopulation of competent cells that
originates stochastically spreads the competent state to the rest of the population by
cell–cell contact. Another alternative to QS is that pneumococcal competence is an
instance of diffusion sensing. This was suggested by Yang et al. [2010] based on
the observation that the quorum for competence induction is not fixed but decreases
with more restrictive diffusion.

Figure 1: Network of competence regulation in S. pneumoniae. ComC (C) binds
the membrane protein complex ComAB, and it is processed and exported
as CSP to the extracellular space. CSP binds to the histidine kinase ComD,
which is located in the membrane as a dimer. Upon CSP binding, ComD
autophosphorylates and transfers the phosphate group to the response reg-
ulator ComE (Martin et al., 2013; Pestova, Havarstein, & Morrison, 1996).
The phosphorylated form of ComE (ComE⇠P) dimerizes and activates tran-
scription of comAB, comCDE, and comX by binding to their promoters
(Havarstein, Coomaraswamy, & Morrison, 1995; Pestova, Havarstein, &
Morrison, 1996). Unphosphorylated ComE can also bind these promoters,
repressing their transcription (Guiral, Henard, Granadel, Martin, & Clav-
erys, 2006; Martin et al., 2013). Synthesis of the alternative sigma factor
ComX directs transcription of genes required for genetic transformation
as well as other functions (Martin, García, Castanié, & Claverys, 1995;
Peterson, 2004). Two key features of this network are the presence of a
positive feedback loop (since increasing CSP detection leads to increasing
CSP production) and of non–linearity (since ComE⇠P interacts with the
gene promoters as a dimer).
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Here, we study the regulation of pneumococcal competence by cell density and
two environmental factors, antibiotic stress and pH. Using batch–culture experi-
ments, single–cell analyses, and mathematical modeling we show that these factors
simultaneously regulate competence development because they all affect the CSP
concentration: cell density sets the amount of cells producing CSP, whereas the en-
vironment and cell history modify the rate at which individual cells produce or
sense CSP. Since there is density regulation and we show that CSP is exported ex-
tracellularly, we advocate to keep using the term “quorum sensing” in the context
of pneumococcal competence but with a broader meaning to acknowledge that in
addition to cell density, multiple factors are integrated into this QS response.

�.� �������

�.�.� A mathematical model of pneumococcal competence development

We developed a mathematical model of pneumococcal competence based on the
network of protein interactions known to regulate competence development (Fig. 1)
during growth in a well–mixed liquid medium. Briefly, the precursor of CSP, ComC,
is cleaved and exported to the extracellular space by the membrane protein complex
ComAB (Hui, Zhou, & Morrison, 1995; Pestova et al., 1996). Upon binding to CSP,
ComD phosphorylates the response regulator ComE, which in its phosphorylated
form upregulates transcription of the operons comAB, comCDE, and comX (Martin
et al., 2013; Pestova et al., 1996; Ween, Gaustad, & Havarstein, 1999). The latter
encodes the sigma factor ComX, which controls transcription of genes required for
uptake and processing of exogenous DNA (Martin, García, Castanié, & Claverys,
1995; Peterson, 2004). Our model uses ordinary differential equations (ODEs) and
consists of two components. At the population level it keeps track of the population
density and the extracellular concentration of CSP; at the cell level it keeps track of
the intracellular concentrations of the proteins involved in competence regulation
(Fig. 1). All the cells export CSP to the medium at a rate determined by the intra-
cellular concentrations of ComC and ComAB. The concentration of CSP then feeds
back into the intracellular concentrations of all the proteins involved in competence
since their transcription rates depend on the ratio of ComE to ComE⇠P and thus
on the rate at which ComD phosphorylates ComE. Different environmental scenar-
ios are simulated by changing model parameters according to the known effects of
such environmental factors in the competence regulatory network. Since the model
is primarily concerned with competence initiation we purposely left out genes cru-
cial for other aspects of competence development (e.g., the stabilizing factor ComW
and the immunity gene comM) (Johnsborg & Havarstein, 2009) and genes involved
in competence shut–off such as DprA (Mirouze et al., 2013). A detailed description
of the model and the choice of parameter values is provided in the Supplementary
Information (Tables S2 and S3).
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We use the model to determine the effect of environmental factors and cell history
(i.e. environments experienced in the past) on the relationship between cell density
and CSP concentration. Crucially, the model assumes that all cells are homogeneous
and that competence is only regulated by CSP, whose production increases with cell
density since cells release all CSP they produce to a common extracellular pool. We
are interested in determining whether these assumptions are sufficient to explain
our experimental results in well–mixed cultures or if additional mechanisms need
to be incorporated (e.g., density–independent competence induction (Claverys et al.,
2006; Johnston et al., 2014) and cell–cell contact dependent competence transmission
(Prudhomme, Berge, Martin, & Polard, 2016)).

�.�.� Competence develops at a critical CSP concentration

It has been reported that competence develops at a fixed time after inoculation from
acid to alkaline conditions (pH 6.8!7.9) regardless of the inoculum size (Claverys
et al., 2006; Prudhomme et al., 2016). This observation has motivated the view that
competence develops independently of cell density and rather acts as a timed re-
sponse at the single–cell level to the pH shift occurring at the moment of inoculation.
We extended previous studies by exploring a wider range of inoculation densities
(OD595nm: 10-1–10-7) (⇠ 108–102 cells per mL) and preculturing conditions. We
used the encapsulated serotype 2 strain S. pneumoniae D39 (Avery, Macleod, & Mc-
Carty, 1944), and cells were washed before inoculation to remove CSP produced
during the preculture. Importantly, we verified that CSP is actually present in the
supernatant of competent cultures of strain D39 (Fig. S1). To monitor competence
development, the ComX–dependent promoter of the late competence gene ssbB was
fused to the firefly luc gene and inserted at the non–essential bgaA locus. Activation
and expression of ssbB is a good reporter for competence development since SsbB ex-
pression strongly correlates with actual transformation with externally added DNA
(e.g., refs. (Prudhomme et al., 2006; Slager, Kjos, Attaiech, & Veening, 2014)).

As shown in Fig. 2a, we find that the inoculation density in strain D39 does have an
effect on the time of competence development, with competence initiating later for
lower inoculum sizes. For instance, for the lowest inoculation density, competence
initiates more than 4 h later than for the highest inoculation densities (Fig. 2a and
left panel of 2c). Note that our luminometer can detect light from competent cells at
an OD595nm of 1.56 ⇥ 10-3 or higher (Fig. S2), and therefore we cannot exclude the
possibility that a very small subpopulation of cells initiates competence before we
can detect it. Nevertheless, in all cases our estimates of the density of competence
initiation are far higher than the detection threshold, indicating that competence
in the majority of the population had not developed before crossing the density
threshold (Fig. 2c, right panel).

Importantly, we observe that the population density at competence initiation is not
constant but positively related to the inoculation density. Hence, the dependency of
the time of competence initiation on the inoculation density is not a consequence of
competence developing at a fixed critical cell density for every condition. Instead,
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Figure 2: Competence is regulated by cell density. a, b) Growth curves (OD595nm)
and competence expression measured as relative luminescence units (RLU)
expressed from the promoter of the late competence gene ssbB for popula-
tions inoculated at a range of densities and grown in C+Y medium with
initial pH 7.9. In (a), cells were precultured in acid conditions (pH 6.8),
while in (b) cells were precultured in non–acid conditions (pH 7.9). Four
replicates are shown for each of seven inoculation densities (OD595nm): 0.1
(green), 0.05 (red), 0.01 (blue), 10-3(purple), 10-4 (light green), 10-5 (yellow),
and 10-6 (brown). Competence does not develop in cells coming from acid
preculture and inoculated at a density of 0.1. c) Effect of inoculation den-
sity on the time until competence initiation (left panel) and the population
density at which competence was initiated (right panel). Competence ini-
tiation was defined as the time where the RLU signal exceeded 200 units.
Note that our luminometer has enough sensitivity to detect light from com-
petent cells at a density of 1.56 ⇥ 10-3 or higher even if they correspond
to a subpopulation (Fig. S2). d) Predictions of the mathematical model
concerning the effect of inoculation density on the timing of competence
initiation (left panel) and the density at which competence initiates (right
panel). In the model, competence initiation was defined as the time where
the total concentration of ComX times the population density exceeds 2000
units. Non–acid preculture is simulated in the model by setting the initial
amount of all proteins in the competence regulatory network to the value
they attain when cells are competent. e) The model predicts that popula-
tions inoculated at lower densities will reach a threshold CSP concentra-
tion (dotted line) at a lower density than populations inoculated at higher
densities.

our results are consistent with the mathematical model, which predicts that compe-
tence develops when the CSP concentration has reached a critical threshold. The
model shows that competence will start faster for higher inoculation densities be-
cause the CSP concentration reaches the critical threshold for competence activation
earlier if more cells are producing CSP (Fig. 2d, left panel). Moreover, the model
shows that populations inoculated at low densities initiate competence at a lower
density than populations inoculated at high densities consistent with the experimen-
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tal data (right panels of Fig. 2c, d). This is because cells inoculated at low cell densities
already had time to start transcribing competence regulatory genes and accumulate
some CSP once they reached the same cell density of cultures freshly inoculated at
a higher cell density (Fig. 2e). Thus, the critical CSP threshold is reached sooner
for low–density inoculated cultures. Notably, a common misconception in the field
is that in a QS system the critical concentration of autoinducer should always be
attained at the same fixed cell density (Claverys et al., 2006; Johnston et al., 2014;
Prudhomme et al., 2016; Yang, Evans, & Rozen, 2010).

It is well known that the pH of the medium affects competence development, with
natural competence being inhibited under acid conditions (Chen & Morrison, 1987;
Tomasz & Mosser, 1966). Under our experimental conditions, competence only nat-
urally develops in alkaline growth medium with a pH > 7.4. So far, we have studied
competence with cells precultured in a non–permissive pH for competence develop-
ment (pH 6.8). These preculture conditions were reflected in the model simulations
by assuming that cells initially were in the competence–off state. We also simulated
the alternative scenario that cells are already competent at inoculation. For this cell
history, the model predicts that the time of competence initiation is lower, but only
for high inoculation densities (Fig. 2d, left panel). This happens because when cells
are competent initially and are inoculated at high density they can produce enough
CSP to remain competent (Fig. S3). However, when inoculation density is low, cells
cannot produce enough CSP and initial competence switches off. The timing of the
subsequent competence initiation is then the same as if cells were not competent
when inoculated.

To verify the predicted effect of cell history on the timing of competence initiation,
we controlled the competence state of cells at inoculation by manipulating the pH
during preculture. Specifically, we compared the time of competence initiation for
cells coming from a non-permissive (pH 6.8) and a permissive (pH 7.9) pH history for
competence development. For inoculation densities below OD595nm of 0.01, the pH
of the preculture did not have an effect on the timing of competence initiation as pre-
dicted by the model (Fig. 2b, c). On the other hand, for inoculation densities above
OD595nm of 0.01, there was a time delay in competence initiation for cells with an
acid history whereas cells with a non–acid history were competent when inoculated
and remained competent afterwards. This suggests that when the inoculation den-
sity is high, there are enough cells to take the CSP concentration above the threshold
for competence activation if they are already producing CSP–as is the case of cells
coming from a non-acid history. By contrast, if cells come from a non-permissive
pH for competence development, the machinery for CSP production needs to be ac-
tivated. This causes a delay in competence initiation at high cell densities, which, at
least for our strain, would not result from regulation by a cell–density–independent
timing device (Claverys et al., 2006; Johnston et al., 2014; Prudhomme et al., 2016).

To further study competence in conditions closer to what S. pneumoniae experi-
ences in nature, we monitored competence development at the single–cell level in
microcolonies growing on a semi–solid surface. To this end, ssbB was fused to gfp
and competence initiation was followed using automated fluorescence time–lapse mi-
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Figure 3: Competence can propagate by CSP diffusion without the necessity of
cell–to–cell contact. a) Phase contrast and GFP images (left panel) of a set
of neighboring microcolonies of D39 with a fusion of the late competence
gene ssbB to gfp (PssbB–ssbB–gfp). The first images (t = 0 min) were taken
right after inoculation on the microscopy slide and the second ones corre-
spond to the moment of competence initiation (t = 65 min). Images were
taken every 5 min. Crucially, when competence starts the microcolonies
are not in direct physical contact with each other. Analysis of the fluo-
rescence signal across the entire population (right panel) shows that once
competence starts, after 60 min from inoculation, the distribution of fluo-
rescence intensity moves to higher intensity values through time. We set as
a threshold for counting competent cells a fluorescence signal 50% above
background. After 85 min, we counted 97 out of 99 cells as competent cells.
b) Distribution of fluorescence signal within each microcolony in the win-
dow of competence initiation. The microcolony numbers correspond to
the ones indicated in the phase contrast image in (a). Competence initiates
in all microcolonies within a window of 5 min. c) Time–lapse fluorescence
microscopy tracking competence development in two colonies with a fu-
sion of the late competence gene ssbB to gfp: one formed by cells of D39
(ADP249) and one formed by cells of a comC-deficient D39 (ADP247). The
two strains are distinguishable because ADP247 constitutively expresses a
red fluorescent protein. Competence developed first in D39 and then it
propagated to the comC- mutant after 20 min without the necessity of cell-
–cell contact. Note that we checked that the comC-deficient D39 (ADP247)
does not become competent by itself when grown without D39 (Fig. S4
and Supplementary Movies 3 and 4). The scale bar is 5 µm in all images.

croscopy. We observed that competence synchronizes in neighboring microcolonies
that are not in direct physical contact with each other (Fig. 3a, b and Supplemen-
tary Movie 1). In addition, more than 95% of the population became competent in
sharp contrast with competence development in other species such as Bacillus sub-
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tilis where < 20% of the population enters the competent state (Maamar & Dubnau,
2005; Smits et al., 2005). Both observations are consistent with the view that CSP
diffuses extracellularly and drives competence development across the population.
We provide experimental evidence for this claim by studying mixed populations of
our wild–type D39 strain and a comC- mutant, which is unable to produce and ex-
port CSP, and therefore only develops competence in the presence of external CSP.
We followed competence development in these mixed populations and found that
competence can propagate from the wild type to the comC- mutant without the
need of cell–to–cell contact (Fig. 3c and Supplementary Movie 2). Note that the
comC- mutant does not activate competence when grown alone (Fig. S4 and Supple-
mentary Movies 3 and 4). This implies that CSP can diffuse extracellularly which
confirms our previous finding in liquid culture that CSP can be recovered from the
supernatant of a competent culture (Fig. S1). It is worth noting that although cells
release CSP to an extracellular pool, a fraction might remain attached to them or in
close proximity due to diffusivity on the polyacrylamide surface. This can introduce
variation in the microenvironment that different cells experience and therefore in the
extent of synchronization of competence initiation.

In the experiments discussed so far, we used an encapsulated strain, in contrast
to the studies of Claverys et al. [2006] and Prudhomme et al. [2016], which were
mainly based on unencapsulated strains. We explored whether this could explain
our different observations regarding the effect of inoculation density on competence
development by studying additional strains: an unencapsulated version of our strain
D39, the clinical isolate PMEN14 together with its unencapsulated version and Strep-
tococcus mitis, which is naturally unencapsulated. Although we still observe that
competence develops later for smaller inoculums, the slope of the RLU signal de-
creases with inoculation density for the two capsule knockouts and S. mitis, in agree-
ment with the results of Claverys et al. [2006] and Prudhomme et al. [2016] (Fig. S5).
A decreasing slope of the RLU signal likely indicates decreased synchronization in
competence development at lower inoculation density. Since cells are synchronized
by the common extracellular CSP pool, a possible scenario is that the absence of a
capsule impedes cells from exporting all the CSP they produce. This would trans-
late into less synchronization especially at low inoculation densities. In the extreme
scenario where cells would not share any CSP with other cells, competence regu-
lation would be in fact independent from cell density. Note, however, that for the
capsule knockout of our strain we can still detect CSP in the cell–free supernatant
and also observe competence propagation in the absence of cell–cell contact (Fig. S6
and Supplementary Movie 5).

pH and competence development

In order to understand how environmental factors affect competence, we quantified
the effect of external pH on natural competence development. We studied compe-
tence at a fine–grained range of pH values from 6.8 to 8.5 and found a clear–cut
value that separated permissive from non–permissive external pH values for natural
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competence development as reported before (Chen & Morrison, 1987; Slager et al.,
2014). For our media this was pH 7.4 (Fig. 4a). However, not only competence al-
ways developed at pH higher than 7.4 but the critical cell density for competence
initiation decreased with increasing pH (Fig. 4a, b). Therefore, pH does not relate
to competence as a binary permissive/non–permissive condition but competence
development is more efficient in more alkaline media. The data suggests that for
non-permissive pH conditions the cell density at which competence would initiate
is above the carrying capacity of the medium, which was also previously proposed
by Chen and Morrison (Chen & Morrison, 1987).
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Figure 4: Competence is upregulated by higher pH. a) Effect of initial medium pH
on growth curves (left panel) and the dynamics of competence expression
(middle panel). Competence expression was quantified as relative lumines-
cence units (RLU) normalized by cell density. In the right panel, compe-
tence expression is plotted in relation to cell density. All populations were
grown at the indicated initial pH and inoculated at a density of OD595nm
0.002. Three replicates are shown for each initial pH. b) Effect of initial
medium pH on the population density at which competence was initiated
(the density at which RLU exceeded 200 units). Competence did not de-
velop at pH 7.4 and below. Note that the indicated pH is the initial pH of
the medium, which does not stay constant due to acidification by growth
(Fig. S7). Although the pH drops considerably in fully grown cultures,
acidification is still minor at the density where competence develops. c)
Predictions of the model on the effect of the rate of CSP export, re, and
thus the pH, on the density of competence initiation. Competence does
not develop any more below a threshold rate of CSP export.

To study the effect of pH on competence we deleted comC from the comCDE operon
and put it under the control of an IPTG–inducible promoter (Liu et al., 2017) at an
ectopic locus. We then tested competence development in this strain at different pH
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values (7.2, 7.4, 7.6) and at varying IPTG concentrations. For any given IPTG concen-
tration, competence always developed earlier at higher pH. This indicates that cells
need to express more comC to reach the critical CSP threshold for competence acti-
vation the lower the pH (Fig. S8a). In fact, at low IPTG concentrations, competence
only develops above pH 7.4. The same pattern is observed in an IPTG–inducible
comCDE strain: for a fixed level of comCDE expression, the time of competence ini-
tiation decreases with the pH (Fig. S8b). Remarkably, in this genetic background
competence hardly develops at pH 7.2 even when comCDE is fully induced. Cells
might need to express more comC at lower pH because CSP export and/or detection
reduces with decreasing pH. This would also explain why competence barely devel-
ops at low pH in the IPTG–inducible comCDE strain since for a fixed level of comE
expression, reduced CSP export and/or detection would bias the ComE⇠P/ComE
ratio towards no competence development. We tested whether pH affects CSP detec-
tion by using a comC - mutant. We performed experiments with medium at different
initial pH values where we added various concentrations of synthetic CSP, using the
comC - mutant. We found that competence was mainly dependent on the CSP con-
centration and only minor differences were found among media with different pH
(Fig. S8c). This suggests that competence development is not mainly mediated by
pH–dependent CSP detection so possibly it is mediated by pH–dependent export.
As peptidase–containing ATP–binding cassette transporters such as ComAB require
ATP to transport substrates (Lin, Huang, & Chen, 2015), it might be that the proton
motive force influences its activity. Therefore, we incorporated the effect of pH in
our model by changing the rate at which cells export CSP. In agreement with the
experimental results, the modified model confirms that the density of competence
initiation decreases with the rate of export of CSP and thus with higher pH. Also,
the model predicts that for rates of CSP export below a certain threshold competence
does not develop any more since cells never manage to accumulate enough CSP for
competence to initiate (Fig. 4c). Note however that this is a simplification of the
effect of pH in competence regulation since pH might also affect ComD and/or the
stability of CSP (as in other QS systems (Decho et al., 2009)) and as our data sug-
gest it might also be involved in the shutdown of competence (Fig. S8c). However,
regardless of the exact mechanism, as long as higher pH increases the rate at which
single cells produce and/or sense CSP, our model predicts that the density at which
the critical CSP concentration for competence activation is attained will decrease
with increasing pH (see Supplementary Information for a simple mathematical argu-
ment).

Finally, we assessed the joint effect of pH and cell density on competence reg-
ulation. We did this by studying competence initiation for cultures inoculated at
different cell densities in media with different pH both experimentally and using
the model. The model predicts that competence will initiate earlier both for higher
inoculation densities and more alkaline pH (Fig. 5a, left panel): while higher inocula-
tion densities mean that more cells will start producing CSP after inoculation, higher
pH increases the rate at which individual cells produce CSP. The experimental data
is consistent with this prediction (Fig. 5b, left panel). Therefore, the observation that
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Figure 5: Competence is simultaneously regulated by cell density, pH and antibi-
otic stress. a, b) Predictions of the mathematical model (a) and experi-
mental data (b) on the dependency of the time of competence initiation on
inoculation density, initial pH, and antibiotic stress. The x-axis in (a) corre-
sponds to the rate of CSP export in the model, re, which is a proxy for pH.
The color scales with the time of competence initiation with more intense
red corresponding to faster development of competence. Black represents
no competence development. In (b), each box corresponds to the average
initiation time of three replicates. Both the model and the experimental
data show that competence develops faster at higher pH and higher inocu-
lation densities. c) Antibiotics induce competence at pH values that repress
natural competence development. d) At pH values that are not repressive
for competence development (pH>7.4), competence develops faster in the
presence of antibiotics. The stars indicate which conditions are plotted in
(c) and (d). The concentrations of streptomycin and HPUra are 3 µg mL-1

and 0.075 µg mL-1, respectively. We chose these sub–MIC concentrations
to minimize the effect of antibiotic stress on growth.
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pH affects competence development is not conflicting with regulation by cell density
because the CSP concentration depends on both of these factors.

�.�.� Induction of competence by antibiotics

The induction of pneumococcal competence is affected by the presence of certain
classes of antibiotics (Prudhomme et al., 2006; Slager et al., 2014), which has been
considered additional evidence for the hypothesis that competence can be regulated
independently of cell density (Claverys et al., 2006; Prudhomme et al., 2006). We
evaluated this claim by studying the role of HPUra and streptomycin on competence
regulation. We chose these antibiotics since the mechanisms by which they induce
competence at the molecular level have been elucidated to some extent: HPUra stalls
replication forks during DNA replication while initiation of DNA replication contin-
ues, thereby increasing the copy number of genes near the origin of replication (oriC).
As a consequence, it upregulates transcription of comAB, comCDE, and comX as these
operons are located proximal to oriC (Slager et al., 2014). Streptomycin causes mis-
translation and is thought to regulate competence via the membrane protease HtrA
which targets misfolded proteins and also represses competence possibly by degrad-
ing CSP (Stevens, Chang, Zwack, & Sebert, 2011) (but see Fig. S9). By increasing the
amount of misfolded proteins, streptomycin could reduce the rate at which CSP is
degraded by HtrA leading to competence induction.

We reproduced the effect of HPUra and streptomycin on competence regulation
in our model by increasing the transcription rate of comAB, comCDE, and comX and
by reducing the rate at which CSP degrades, respectively. Our model predicts that
the presence of antibiotics lowers the pH threshold for competence development
(Fig. 5a), since antibiotics can counteract the effect of acidic pH to the point that cells
can still accumulate enough CSP to become competent. They do this by increasing
the rate at which single cells produce CSP (reducing the number of cells needed to
reach the critical CSP concentration for competence initiation) or by increasing the
rate at which they sense CSP (reducing the critical CSP concentration for competence
initiation). Also, it predicts that for pH values where competence is already induced
without antibiotics, it will develop faster in the presence of antibiotics (Fig. 5a). We
tested these predictions experimentally using antibiotics at concentrations that have
a minimal effect on growth since we did not incorporate growth reduction due to
antibiotic stress in the model. In agreement with previous studies (Prudhomme et al.,
2006; Slager et al., 2014; Stevens et al., 2011) and with the model predictions, we find
that antibiotics can induce competence at pH values that are repressive for natural
competence development (Fig. 5b, c). We also find support for the second prediction
of the model since for permissive pH values for natural competence development
(above 7.4), competence is induced earlier in the presence of antibiotics (Fig. 5b, d).
Remarkably, both the model and the experiments show that the combined effect
of pH and cell density in the presence of antibiotics remains the same as when no
antibiotics are added (compare left panel with middle and right panels in Fig. 5a, b):
competence induction still occurs earlier for high densities of inoculation and more
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alkaline pH values. In the case of Streptomycin at pH 7.3 it is even possible to see that
competence does not develop for the highest inoculation density as the population
probably reaches carrying capacity before enough CSP is produced. Finally, note that
there might be alternative mechanisms from the ones incorporated in the model by
which antibiotic stress affects competence. For instance, antibiotics reduce growth
and can induce stress responses that lead to global changes on transcription and
translation.

�.�.� Bistable region for competence development and cell history

An important feature of the competence regulatory network is the presence of a
positive feedback that couples CSP detection to CSP production (Fig. 1). Signaling
systems that contain positive feedback loops often exhibit switch–like responses re-
sulting in the occurrence of alternative stable states (Ferrell, 2002). We varied the
strength of the positive feedback loop in the model by changing the rate of CSP
export and found that the competence regulatory network exhibits bistability for
a range of intermediate CSP export rates. In this range, the model predicts the
existence of two alternative states where competence switches “ON” or “OFF” de-
pending on the initial conditions (Fig. 6a).

Since in the model the rate of CSP export is positively correlated to the pH, we
expected to find a region of pH values exhibiting similar bistability as an additional
experimental corroboration of the model. Indeed, we found support for the existence
of a bistable region at pH 7.4 where the wild type developed competence if CSP
was externally added in concentrations above 4 ng mL-1 (Fig. 6b). Thus, whereas
competence always switched on for pH values above 7.4 regardless of the initial CSP
concentration, for pH 7.4 both “ON” and “OFF” states were observed depending
on the initial CSP concentration. Moreover, at pH 7.4 competence developed with 4
ng mL-1 of CSP a concentration that would not induce competence in the comC -

mutant (Fig. S8c), which indicates that CSP production in the wild type was kick–
started by the initial addition of CSP resulting in enough overall CSP for competence
induction.

Bistable systems usually exhibit hysteresis. For this reason, we expected that at
pH 7.4 where both the “ON” and “OFF” states are attainable, cell history, would
influence competence induction. From our previous experiments we determined
that cells coming from acid preculture inoculated at pH 7.4 do not develop com-
petence at any density of inoculation (Fig. 5b, left panel, second column). We then
studied whether there is history dependence by inoculating cells coming from non–
acid preculture at pH 7.4. We found that cells coming from a non-acid preculture
became competent when inoculated at densities of OD595nm 7.4 ⇥ 10-4 or higher,
which demonstrates that cell history can influence competence development at this
pH (Fig. 6c). Past history has an effect on competence because it determines the
state of the machinery for CSP production, which is “OFF” when cells come from
acid preculture but “ON” when they come from non–acid conditions. This explains
why the effect of non–acid cell history appears from a minimum inoculation density,
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Figure 6: A bistable regime for competence development. a) Extracellular concen-
tration of CSP in response to the rate of CSP export. The model predicts the
existence of a region where competence always switches on regardless of
the initial conditions (which would correspond to pH>7.4) and of a bistable
region (bordered by the dashed lines). In the latter, the initial conditions
can either switch on or not CSP production and subsequently competence
development. (inset) In particular, the model predicts that in this region
non–acid cell history can allow competence development if enough cells
are inoculated since they can produce enough CSP to remain competent.
The simulated inoculation densities are 0.1 (blue) and 0.01 (brown) and both
the number of ComX molecules per cell (solid line) and the CSP concentra-
tion (dashed line) are shown. b) Growth curves and competence expression
measured as RLU units normalized by density for cells coming from acid
preculture (pH 6.8) and inoculated in medium at pH 7.4 with different ini-
tial concentrations of CSP. Three replicates are shown per treatment and
all the cultures are inoculated at OD595nm 0.002. c) Growth curves and
competence expression measured as RLU units normalized by density for
cells coming from non–acid preculture (pH 7.9) and inoculated in medium
at pH 7.4 at different initial densities. Three replicates are shown per inoc-
ulation density. Competence does not develop for cells inoculated at the
same densities but coming from acid preculture (pH 6.8) (Fig. 5b, left panel,
second column)

since enough cells need to be inoculated in order for them to produce the amount of
CSP necessary for the system to remain “ON” (Fig. 6a, inset). We then hypothesized
that at pH 7.3 the critical inoculation density of cells coming from non–acid history
would have to be even higher than the one at pH 7.4 as the model predicted that
a higher initial concentration of CSP would be necessary for the system to remain
“ON” at lower pH. We confirmed this prediction experimentally by showing that at
pH 7.3 competence does not develop for an inoculation density of OD595nm 7.4 ⇥
10-4 (as for pH 7.4) but from 2.2 ⇥ 10-3 upwards (Fig. S10). Thus, our results show
that, as a consequence of the positive feedback involved in CSP production, previous
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exposure to different environmental conditions can determine whether competence
is induced or not by modifying the state of the machinery for CSP production and/or
sensing.

�.� ����������

Recently, the view that bacteria use autoinducers as QS signals has been debated
since autoinducer concentration can change in response to the environment. Here,
we show experimentally that cell density, pH and antibiotic stress simultaneously
regulate competence development in S. pneumoniae (Figs. 2 to 5), a system classi-
cally framed in the paradigm of QS. Using a mathematical model, we show that this
occurs because pH and antibiotics modify the rates at which single cells produce
and sense CSP and therefore the strength of the positive feedback loop coupling
CSP detection to CSP production (Figs. 4 and 5). This environmental dependency
does not override regulation by cell density but rather modulates the relationship
between the number of cells and the CSP concentration. A fundamental aspect to
the dependency on cell density is that cells share CSP with others. Importantly, here
we provide evidence both in liquid culture (Fig. S1) and through single–cell observa-
tions (Fig. 3) that CSP is exported to the extracellular space. Finally, we show that
competence development is history–dependent since past environmental conditions
can modify the status of the machinery to produce and respond to CSP determining
whether competence switches on or not (Fig. 6). Hysteresis in the competence re-
sponse might be especially important in the natural niche of the pneumococcus, the
human nasopharynx. In particular it is consistent with the observation that there is
constitutive upregulation of competence in pneumococcal biofilms during nasopha-
ryngeal colonization (Marks, Reddinger, & Hakansson, 2012). In this context, once
competence is triggered for the first time, cells would be primed to rapidly initiate
another round of competence.

Why is competence controlled by CSP? CSP does not act as a timing device in our
encapsulated strain since competence develops in a cell–density–dependent manner
without the necessity of cell–cell contact (Claverys et al., 2006; Johnston et al., 2014;
Prudhomme et al., 2016) (Figs. 2 and 3). Regarding the hypothesis that CSP is a

probe to test diffusion (Yang et al., 2010), our results suggest that focusing on dif-
fusion alone oversimplifies the information and functionality that cells can gather
through CSP production. We hypothesize that by using an autoinducer peptide,
bacteria can coordinate the development of competence and in particular the expres-
sion of fratricins and bacteriocins, which are under the control of the competent
state. These proteins can lyse or inhibit the growth of surrounding cells that are
not competent, increasing the efficiency of genetic transformation and mediating
competition with other bacteria (Guiral, Mitchell, Martin, & Claverys, 2005; Kjos
et al., 2016; Wei & Havarstein, 2012; Wholey, Kochan, Storck, & Dawid, 2016). By
coordinating competence expression via CSP, an isogenic bacterial population can
increase the total concentration of secreted fratricins and bacteriocins in times where
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population density is high, which likely translates into a higher amount of lysed
cells and therefore potential DNA donors. Importantly, coordinating competence
expression can also prevent the killing of clonal siblings since immunity to these pro-
teins comes with the competent state. Note however that the extent to which cells
synchronize competence development may vary depending on the strain, genotype
and growth conditions. In particular, our results suggest that unencapsulated strains
may synchronize less, which would explain the difference between the findings re-
ported by Prudhomme et al.[2016] and our study. Decreased synchronization may
result from cells exporting less CSP to the extracellular space and keeping more to
themselves. In fact, in other species like Streptococcus thermophilus where competence
is controlled by ComS, a peptide that rapidly gets imported back into the cell, the
rate of competence development decreases with the inoculation density (Gardan et
al., 2013) as observed for the unencapsulated pneumococcal strains. Finally, note
that S. pneumoniae grows primarily in biofilms where there is heterogeneity in the
physiological status and microenvironment that different cells experience. This can
certainly influence the degree of synchronization in competence initiation across a
population especially in the light of our findings that both current and past environ-
mental conditions affect the competence regulatory network. Indeed, recent work
in Streptococcus mutans showed heterogeneous competence activation of cells within
biofilms and upon different environmental pH ranges (Shields & Burne, 2016; Son,
Ghoreishi, Ahn, Burne, & Hagen, 2015). While studies of well–mixed cultures give
insight into the response mechanism shared by all cells in a population, additional
work is needed in the future to study how CSP production and detection by individ-
ual cells is shaped by their spatial context and history and to unravel how individ-
ual responses translate into patterns of population synchronization across different
genotypes and strains.

What is the relevance of the information carried by CSP? Alkaline pH and an-
tibiotic stress can induce competence by increasing the rate at which single cells
produce and sense CSP. We expect this to be a general mechanism by which sources
of stress that are alleviated through competence induce this state (e.g., mobile ge-
netic elements as hypothesized by Croucher et al. [2016]). Upregulating competence
in the presence of antibiotics can increase survival by activating the expression of
stress response genes (Engelmoer & Rozen, 2011; Peterson, 2004), facilitating repair
of damaged DNA and mediating acquisition of resistance (Cornick & Bentley, 2012;
Engelmoer & Rozen, 2011). Our findings suggest that strategies to prevent compe-

tence development in response to antibiotics can focus on counteracting the effect of
antibiotics on the rate at which cells produce or sense CSP. Regarding the benefits
of upregulating competence with alkaline pH, these are less clear and could be an
example of a non–adaptive response resulting from the inherent biochemical proper-
ties of ComAB and possibly ComD. Importantly, CSP can integrate additional envi-
ronmental cues like oxygen availability through the CiaRH two–component system,
which represses comC post–transcriptionally and is required for virulence expres-
sion and host colonization (Echenique et al., 2000; Halfmann, Kovacs, Hakenbeck,
& Bruckner, 2007). In fact, CiaRH is key for the regulation of competence by multi-
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ple environmental signals in other streptococci like S. mutans (Ahn, Wen, & Burne,
2006).

Our findings support the view that functional hypotheses stressing individual fac-
tors like diffusion or population density underplay the complexity of information
integrated by QS systems (Hense et al., 2007; Hense & Schuster, 2015; Lazazzera,
2000; Platt & Fuqua, 2010; West, Winzer, Gardner, & Diggle, 2012; Williams &
Camara, 2009). Although the term “quorum sensing” overemphasizes the role of
population density, we advocate for keeping it due to its widespread use and the
fact that density will modify autoinducer concentration in any autoinducer produc-
tion system. Crucially, QS should be used in a broad sense acknowledging that
bacteria integrate past and current environmental factors in addition to population
density into their QS responses. This view might be very useful for other autoin-
ducer production systems like competence in Vibrio cholerae, where the synthesis
of the autoinducer, CAI–1, depends on the intracellular levels of cAMP–CRP and
therefore might incorporate information on the metabolic status of the cell (Liang,
Pascual-Montano, Silva, & Benitez, 2007; Suckow, Seitz, & Blokesch, 2011). Also in
other systems, clear links between signal production, quorum threshold and envi-
ronmental conditions have been shown to affect QS (Dunlap & Kuo, 1992; Lee et al.,
2013; Pai, Tanouchi, & You, 2012; van Delden, Comte, & Bally, 2001; Xavier, Kim,
& Foster, 2011).

Given that many biotic and abiotic factors can modify autoinducer concentrations
(Boyer & Wisniewski-Dye, 2009), future work should aim to study the relevance of
such factors in the natural context where bacteria secrete autoinducers. Such work is
crucial to assess whether upregulating QS in response to a particular factor provides
a benefit for bacteria or is merely a result of the biochemical properties of the QS
regulatory network. An interesting possibility is that, as in other biological systems
(Berdahl, Torney, Ioannou, Faria, & Couzin, 2013), bacteria could perform collective
sensing of the environment through social interactions. In this context, by secret-
ing autoinducers cells could share individual estimates of environmental conditions
(e.g., antibiotic stress) for which upregulating QS is beneficial. Then, autoinducer
secretion would provide a way to get a more reliable estimate of the environmental
conditions by allowing a population to pool estimates made by individual cells. Im-
portantly, such a role for autoinducer secretion would explain the dependency of QS
on both cell density and the environment.

�.� �������

�.�.� Bacterial strains and growth conditions

All pneumococcal strains used in this study are derivatives of the clinical isolate S.
pneumoniae D39 (Avery et al., 1944) unless specified otherwise. To monitor compe-
tence development, strains either contain a transcriptional fusion of the firefly luc
and the gfp gene with the late competence gene ssbB or a full translational ssbB-gfp
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fusion. Cells were grown in in C+Y complex medium at 37�C. C+Y was adapted
from Adams and Roe [1945] and contained the following ingredients: adenosine (65
µM), uridine (107 µM), L-asparagine (331 µM), L-cysteine (71 µM), L-glutamine (150
µM), L-tryptophane (29.4) µM, casein hydrolysate (5 g L-1), BSA (8 mg L-1), bi-
otin (2.46 µM), nicotinic acid (4.87 µM), pyridoxine (3.4 µM), calcium pantothenate
(5.04 µM), thiamin (1.9 µM), riboflavin (0.744 µM), choline (48 µM), CaCl2 (113 µM),
K2HPO4 (48.8 mM), MgCl2 (2.46 mM), FeSO4 (1.8 µM), CuSO4 (2 µM), ZnSO4 (1.74
µM), MnCl2 (40 µM), glucose (11.1 mM), sodium pyruvate (2.7 mM), saccharose (944
µM), sodium acetate (24.4 mM) and yeast extract (2.5 g L-1).

�.�.� Construction of recombinant strains

To transform S. pneumoniae, cells were grown in C+Y medium (pH 6.8) at 37�C to an
OD595 of 0.1. Then, cells were treated for 12 minutes at 37�C with synthetic CSP-1
(100 ng mL-1) and incubated for 20 minutes at 30oC with the transforming DNA.
After incubation with the transforming DNA, cells were grown in C+Y medium (pH
6.8) at 37�C for 90 minutes. S. pneumoniae transformants were selected by plating on
Columbia agar supplemented with 3% of defibrinated sheep blood (Johnny Rottier,
Kloosterzande, The Netherlands) and the appropriate antibiotics. Working stocks of
cells were prepared by growing cells in C+Y (pH 6.8) until an OD595 of 0.4. Cells
were collected by centrifugation (1595 x g for 10 minutes) and resuspended in fresh
C+Y medium (pH 6.8) with 15% glycerol and stored at -80�C. See the details on the
construction of the strains below and see Table S1 for a list of all the strains used in
this study.

Strain DSM2: To follow competence development during pneumococcal growth, a
transcriptional fusion of two reporter genes, luc (firefly luciferase) and gfp, to the late
competence promoter PssbB was used. The plasmid pLA18 (Slager et al., 2014), con-
taining the PssbB-luc-gfp construct was transformed into S. pneumoniae D-PEP1 (Sorg,
Kuipers, & Veening, 2015) and transformants were selected on Columbia blood agar
supplemented with 1 µg mL-1 tetracycline. The PssbB-luc-gfp construct integrates
into the bgaA locus, and correct transformants were verified by PCR.

Strains ADP243 and ADP62:To prevent the production of CSP, the original comC
gene was replaced by an erythromycin resistance marker, leaving the promoter
and therefore the polycistronic nature of comDE intact. The upstream region was
amplified using primers LAG11 (GGCGGATCCGGCAGTTTGTGTAATAGTAC) and
ADP2/48+AscI (ACGTGGCGCGCCGTTCCAATTTAACTGTGTTTTTCAT), the down-
stream region with primers ADP2/47+BamHI (ACGTGGATCCGAAATAAGGGGAAA-
GAGTAATGGATTTATTTG) and LAG54 (AATCGCCATCTTCCAATCCC), and the
erythromycin resistance marker with 0292_ery_R+BamHI (GCGGATCCTGTCTTTGAC-
CCAATCATTC) and sPG19 +AscI (ACGTGGCGCGCCCGGAGGAATTTTCATATGAAC).
All three fragments were digested with the proper restriction enzymes (AscI and/or
BamHI) and ligated. The � comC::ery fragment containing the erythromycin resis-
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tance marker flanked by the sequence up- and downstream of comC without altering
the natural transcription of comDE- was transformed into D39 and DLA327 result-
ing in strains ADP243 (� comC::ery) and ADP62 (�bgaA:: PssbB-luc, � comC::ery),
respectively. Transformants were selected on Columbia blood agar containing 0.25
µg mL-1 erythromycin. Correct deletion of comC was verified by PCR and sequenc-
ing.

Strains ADP49 and ADP51: To monitor natural competence in two clinical iso-
lates, the PCR product of the fragment ssbB-luc-kan from strain MK134 (Slager et al.,
2014) was transformed into the pneumococcal strain PMEN14 and the Streptococcus
mitis strain NTCC10712. Transformants were selected on Columbia blood agar con-
taining 250 µg mL-1 kanamycin resulting in strains ADP49 (PMEN14, ssbB-luc) and
ADP51 (S. mitis ssbB-luc), respectively.

Unencapsulated strains ADP25, ADP26, ADP92, ADP238:To delete the polysac-
charide capsule, the whole cps operon was replaced with a chloramphenicol resis-
tance cassette. The primers used were: ADP1/51 (CGGTCTTCAGTATCAGGAAG-
GTCAG) and ADP1/52+AscI (CGATGGCGCGCCCTTCTTTCTCCTTAATAGTGG) to
amplify the upstream region; primers ADP1/53+NotI (CACGGCGGCCGCGAGAAAGTTT-
TAAAGGAGAAAATG) and ADP1/54 (GATAGAGACGAGCTGCTGTAAGGC) to
amplify the downstream region; sPG11+AscI (ACGTGGCGCGCCAGGAGGCATAT-
CAAATGAAC) and sPG12+NotI (ACGTGCGGCCGCTTATAAAAGCCAGTCATTAG)
to amplify the chloramphenicol cassette. Products were digested with the appro-
priate enzymes (AscI and/or NotI) and ligated. Strains D39, DLA3 and ADP49
were transformed with the ligation product and transformants were selected on
Columbia blood agar containing 4.5 µg mL-1 chloramphenicol resulting in strains
ADP25 (�cps::chl), ADP26 (�bgaA:: PssbB-luc, �cps::chl), ADP92 (PMEN14, ssbB-
luc, �cps::chl). To prevent the production of CSP in the unencapsulated D39, the
�comC::ery fragment was transformed into ADP25, resulting in strain ADP238. Trans-
formants were selected on Columbia blood agar containing 0.25 µg mL-1 erythromycin.
Correct deletion of comC was verified by PCR and sequencing.

Strains ADP249 and ADP151: To follow competence development of micro-colonies
during time-lapse microscopy, the PCR product of the C-terminal fusion of ssbB with
gfp and a downstream kanamycin cassette were amplified using chromosomal DNA
of strain RA42 as a template (Aprianto, Slager, Holsappel, & Veening, 2016) and
transformed into the D39 strain and into its unencapsulated variant ADP25 result-
ing in strains ADP249 (PssbB-ssbB-gfp) and ADP151 (PssbB-ssbB-gfp, �cps::chl), re-
spectively. Transformants were selected on Columbia blood agar containing 250 µg
mL-1 kanamycin.

Strains ADP247 and ADP248: Plasmid pPEP43 (Sorg et al., 2015) containing a
constitutive promoter driving the expression of the red fluorescent protein mKate2
(cytoplasmic localization) was transformed into strain D39 and its unencapsulated
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derivative ADP25. pPEP43 integrates into the cep-locus, and transformants were
selected on Columbia blood agar containing 125 µg mL-1 spectinomycin. The re-
sulting strains, ADP235 (�cep::p3-mkate2) and ADP244 (�cep::p3-mkate2, �cps::chl),
were transformed with the PCR product PssbB-ssbB-gfp including the kanamycin cas-
sette (same as for strain ADP249). Transformants were selected on Columbia blood
agar containing 250 µg mL-1 kanamycin. Finally, the resulting strains, ADP245
(�cep::p3-mkate2, PssbB-ssbB-gfp) and its unencapsulated variant ADP246 (�cep::p3-
mkate2, �cps::chl, PssbB-ssbB-gfp), were transformed with the comC::ery fragment
described above. This resulted in strains ADP247 (�cep::p3-mkate2, PssbB-ssbB-gfp,
�comC::ery) and ADP248 (�cep::p3-mkate2, �cps::chl, PssbB-ssbB-gfp, �comC::ery). Trans-
formants were selected on Columbia blood agar containing 0.25 µg mL-1 erythromycin.

Strain ADP95:To use an IPTG-inducible system, we first transformed the codon
optimized lacI gene (Liu et al., 2017) into strain DLA3 (Slager et al., 2014). For
that, we PCR-ed the fragment including lacI integrated into the prsA-locus together
with a gentamycin resistance cassette from chromosomal DNA of strain DCI23 (Liu
et al., 2017) using primers OLI40 (CCATGGCATCAGCGAGAAGGTGATAC) and
OLI41 (GCGGCCGCAGGATAGAAAGGCGAGAG) and transformed the resulting
PCR product to strain DLA3 while selecting for gentamycin (20 µg mL-1) resulting
in strain ADP95 (D39, �bgaA::PssbB-luc, �prsA::lacI).

Strains ADP112 and ADP107: To control the production of comC, and thereby
CSP, a strain was constructed with an ectopic copy of comC (at the cep locus) un-
der control of the IPTG-inducible promoter Plac (Liu et al., 2017), and the subse-
quent deletion of the original comC (replaced by an erythromycin resistance cassette).
The inducible system was created using BglFusion cloning (Sorg et al., 2015). To
amplify the comC fragment, primers ADP2/38 (CAGTGGATCCGGTTTTTGTAAGT-
TAGCTTACAAG) and ADP3/31 (CAGTCTCGAGCCCAAATCCAAATAAATCCAT-
TAC) were used using D39 chromosomal DNA as a template. To control the pro-
duction of comCDE, a strain with an IPTG-inducible comCDE was created, with
the deletion of the original comCDE locus. The inducible system was created as
explained above. To amplify the comCDE fragment, primers ADP2/38 (CAGTG-
GATCCGGTTTTTGTAAGTTAGCTTACAAG) and ADP2/58 (ACGTCTCGAGGCG-
GCCGCCAATTTCTTGCTAATTGTC) were used using chromosomal DNA of D39 as
a template. PCR products were digested with BglII and XhoI and were ligated with
similarly digested pPEP1 plasmid containing the promoter Plac (Liu et al., 2017). The
ligations were transformed into strain ADP95 and transformants were selected on
Columbia blood agar containing 125 µg mL-1 spectinomycin. To these strains, either
the PCR product �comC::ery (see above) or a PCR product containing �comCDE::chl
from strain MK135 (Slager et al., 2014) was transformed and transformants were se-
lected on Columbia blood agar containing either 0.25 µg mL-1 erythromycin or 4.5
µg mL-1 chloramphenicol resulting in strains ADP112 (�bgaA::PssbB-luc, �cep::Plac-
comC, �comC::ery) and ADP107 (�bgaA::PssbB-luc, �cep::Plac-comCDE, �comCDE::chl),
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respectively.

Strain MK356: To construct MK356 (�bgaA:: PssbB-luc-gfp, �htrA::ery), htrA was
replaced with an erythromycin resistance gene. A region upstream of htrA was am-
plified from genomic DNA of S. pneumoniae D39 using primers htrA-up-F
(5’-GAACCTGCGACCGTTCGCTTAGAAGG-3’) and htrA-up-R+BamHI
(5’-GCGCGGATCCTCCATATGTTTGAATTACTG-3’) and a region downstream of
htrA was amplified with primers htrA-Dwn-F-EcoRI (5’-CGCGGAATTCGACATCTATGT
AAAGAAAGC-3’) and htrA-Dwn-R (5’-GCTGTTGATAATTCTACTATATTCTTC-3’).
An erythromycin resistance gene was amplified from plasmid pORI28 (Leenhouts,
1996) using primers EmR-F+BamHI (5’-GCGCGGATCCTATGAACGAGAAAAATAT
AAAACAC-3’) and EmR-R+EcoRI (5’-CGCGGAATTCGCAGTTTATGCATCCCTTA
ACTTAC-3’). The three fragments were digested with appropriate restriction en-
zymes (BamHI and/or EcoRI) and ligated. The �htrA::ery fragment, containing the
an erythromycin resistance gene flanked by the sequence up- and downstream of
htrA, was transformed into strain DSM2. Transformants were selected on Columbia
blood agar containing 0.25 µg mL-1 erythromycin. Correct deletion of htrA was
verified by PCR.

�.�.� Density and luminescence assays

Cells were pre-cultured in acid C+Y (pH 6.8) or in non-acid C+Y (pH 7.9) at 37�C to
an OD595nm of 0.1. Right before inoculation, they were collected by centrifugation
(8000 rpm for 3 minutes) and resuspended in fresh C+Y (pH 7.9). Unless indicated
otherwise all experiments were started with an inoculation density of OD595 0.002
with cells from an acid preculture. Luciferase assays were performed in 96-wells
plates with a Tecan Infinite 200 PRO luminometer at 37�C as described before (Sorg
et al., 2015). Luciferin was added at a concentration of 0.5 mg mL-1 to monitor
competence by means of luciferase activity. Optical density (OD595nm) and lumi-
nescence (relative luminescence units [RLU]) were measured every 10 minutes. The
time and density of competence initiation correspond to the first time point where
the RLU signal is equal or above 200 units. RLU is used instead of RLU/OD for Fig. 2
because 1) when competence develops the rate at which the RLU signal increases is
faster than the growth rate and 2) due to the very low inoculation densities used
for Fig. 2 the RLU/OD can be very high at the start (clearly before competence has
developed). The value of 200 units was chosen because once this value is reached
competence always developed. The effect of pH on competence development was
studied by inoculating cells in C+Y at a range of pH values from 6.8 to 8.5. pH was
adjusted by adding HCl and NaOH. The effect of antibiotics was studied by adding
streptomycin (3 µg mL-1) and HPUra (0.075 µg mL-1) to C+Y.
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�.�.� Detection of CSP in cell free supernatant

S. pneumoniae D39 wild-type and its comC deficient version, ADP243, were grown
in non-acid C+Y (pH 7.9) at 37�C to an OD595nm of 0.1. Cells were spinned down
by centrifugation at 20000 x g for 5 min. The supernatant was sterilized by filtering
twice through 0.2 µM filters. The supernatant was plated on Columbia blood agar
to confirm that no cells were present. For both the wild-type and the comC-deficient
strain, the cell-free supernatant was diluted 1:1 with 2x concentrated C+Y medium
containing luciferin, and pH was adjusted to the indicated value by addition of
HCl. The indicator strain DSM2 pre-grown in C+Y pH 6.8 was then inoculated, and
growth and luciferase activity was monitored as described before.

�.�.� Time-lapse fluorescence microscopy

A polyacrylamide slide was used as a semi- solid growth surface to spot the cells
for time-lapse microscopy. This slide was prepared with C+Y (pH 7.9) and 10%
acrylamide as reported previously (Sorg & Veening, 2015). Cells were pre-cultured
in acid C+Y (pH 6.8) and right before inoculation on the slide they were resuspended
in fresh C+Y (pH 7.9) as explained before. Phase contrast, GFP and RFP images
were obtained using a Deltavision Elite microscope (GE Healthcare, USA). Time-
lapse videos were recorded by taking images every 10 minutes after inoculation
unless specified otherwise. File conversions were done using Fiji and analysis of the
resulting images was done using Oufti (Paintdakhi et al., 2016).

�.�.� Mathematical model

A mathematical model of the network of competence regulation (Fig. 1) was devel-
oped as a system of ODEs. The model incorporates the protein interactions involved
in sensing CSP via the two-component system formed by ComD and ComE and ex-
porting it via ComC and ComAB. Additionally, it explicitly models the interaction of
ComE and ComE⇠P with the gene promoters of comAB, comCDE and comX. This is
important since ComE⇠P binds these promoters as a dimer introducing non-linearity
into the system, which underlies the observed bistability. Population growth is lo-
gistic and it is assumed that all the cells are homogeneous. See Supplementary
Information for the equations and further description.
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�.� ������������� �����������

�.�.� Model description

Our model consists of two components. At the cellular level, the model keeps track
of the intracellular number of proteins involved in competence regulation. At the
population-level, it keeps track of the population density and the extracellular CSP
concentration. It extends the only previous model in pneumococcal competence
(Karlsson, Karlsson, Gustafsson, Normark, & Nilsson, 2007) by explicitly including
population growth and by modelling the interactions between ComE and its phos-
phorylated form with the gene promoters of the comAB, comCDE and ComX operons.
See Tables S2 and S3 for all the parameter values used.

�.�.�.� Cell-level component

We model the signal transduction network that leads from CSP detection to the in-
creased expression of the comAB, comCDE and ComX operons (Fig. 1). Importantly,
we model the dynamics of the interaction between ComE and phosphorylated ComE
(ComE⇠P) with the promoters of these operons (Fig. S11). We assume that the high-
est rate of transcription for any of these promoters occurs when they are bound to
the phosphorylated ComE dimer. Otherwise, we assume that any other configura-
tion of the gene promoter results in low transcription rate. We assume that all the
promoter configurations are in quasi-steady state because the number of proteins is
much higher than the number of promoters. Also, we assume that the mRNA con-
centration is in quasi-steady state compared to the protein concentrations for all the
genes because the turnover rate of mRNA in the cell is high.

We will use the following general notation,

Parameter Description
�0
x Basal transcription rate of mRNA coding for pro-

tein x (when promoter is not bound to the ComE⇠P
dimer)

�x Transcription rate of mRNA coding for protein x
when the promoter binds the ComE⇠P dimer

Yx
EP Fraction of total gene promoter x bound to the

ComE⇠P dimer
gx Number of copies of promoter x per cell
�x Translation rate of mRNA coding for protein x
�Rx Degradation rate of mRNA coding for protein x
�x Degradation rate of protein or complex x
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CSP detection and phosphorylation of ComE

Synthesis of ComD
ComD is synthesized from the promoter of comCDE. The membrane receptor of CSP
is formed by two units of ComD and is phosphorylated by the binding to CSP.

dComD
dt

=
�D gCDE

�RD
(�0

D(1- YCDE
EP ) +�DYCDE

EP )- 2dDComD2 + 2d-
DComDdim

- �DComD

dComDdim

dt
= dD ComD2 - d-

DComDdim - CSP ComDdim + �ComDPdimComE

- �DdimComDdim

dComDPdim

dt
= CSP ComDdim - �ComDPdimComE - �DPdimComDPdim

where ComDdim and ComDPdim stand for the number of proteins of the ComD
dimer and its phosphorylated form respectively. Rate constants dD and d-

D corre-
spond to the rates of dimerization and disassociation of the ComD dimer, � is the
rate of phosphorylation of ComE by ComDPdim and  is the rate of binding of CSP
to ComDdim.

Synthesis of ComE and transfer of phosphate group to ComE

ComE is synthesized from the promoter of comCDE. As a monomer, ComE is phos-
phorylated by ComD. Then it dimerises, and the dimer upregulates the transcription
of different gene promoters.

dComE
dt

=
�E gCDE

�RE
(�0

E(1- YCDE
EP ) +�EY

CDE
EP )- �ComDPdimComE - �EComE

dComEP
dt

= �ComDPdimComE - 2dEP ComEP2 + 2d-
EPComEPdim - �EPComEP

dComEPdim

dt
= dEP ComEP2 - d-

EPComEPdim - �EPdimComEPdim

where ComEP and ComEPdim stand for the number of proteins of ComE⇠P and its
dimer form respectively. dEP and d-

EP are the rates of dimerization and disassocia-
tion of the ComE⇠P dimer respectively. It is assumed that the number of ComE and
ComE⇠P molecules is not reduced due to binding to the promoters.

CSP production and export

Synthesis of ComAB
Both ComA and ComB are synthesised from the promoter of comAB. They bind to
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form the membrane protein ComAB that modifies ComC and exports CSP from the
cell.

dComA
dt

=
�A gAB

�RA
(�0

A(1- YAB
EP ) +�AYAB

EP )- dABComA ComB + d-
ABComAB

- �AComA
dComB

dt
=

�B gAB

�RB
(�0

B(1- YAB
EP ) +�BY

AB
EP )- dABComA ComB + d-

ABComAB

- �BComB
dComAB

dt
= dABComA ComB - d-

ABComAB - �ABComAB

where dAB is the rate at which ComA and ComB form the ComAB complex and
d-
AB is the rate at which the complex disassociates.

Synthesis of ComC and export of CSP

ComC is synthesized from the promoter of comCDE and is modified and exported
to the extracellular space by ComAB. We assume that the reaction for CSP export is:

ComAB+ComC
k+
e��*)��

k-
e

ComAB-ComC
re! ComAB+CSP

We further assume that the limiting rate is re and that the amount of ComC is much
higher than the amount of ComAB. Accordingly, the rate at which CSP is exported
from the cell follows Michaelis-Menten kinetics, such that

dComC

dt
=

�C gCDE

�RC
(�0

C(1- YCDE
EP ) +�CY

CDE
EP )-

re ComAB ComC
ComC + ke

- �CComC

where ke = k-
e +re
k+
e

.

Synthesis of ComX

ComX is synthesized from the promoter of comX. ComX directs the synthesis of late
competence genes some of which are required for uptake of exogenous DNA.

dComX

dt
=

�X gX
�RX

(�0
X(1- YX

EP) +�XY
X
EP)- �XComX
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Interactions of ComE and ComE⇠P with the gene promoters

The gene promoter of comCDE which we will refer as Pc has two high-affinity sites
for binding of both ComE and ComE⇠P, while the gene promoter of comX, Px, has
one high-affinity site and one low-affinity site (Martin et al., 2013). ComE⇠P binds
as a dimer to both gene promoters while ComE binds as a monomer (Fig. S11).

Promoter with two high affinity sites: Pc

Variables:
P0
c : Free comCDE promoter

PEP
c : comCDE promoter bound to the ComE⇠P dimer

PE
c : comCDE promoter bound to one molecule of ComE

PE2
c : comCDE promoter bound to two molecules of ComE

Parameters:
k+EP
c : Rate of binding of the ComE⇠P dimer to Pc

k-EP
c : Rate of unbinding the ComE⇠P dimer from Pc

k+E
h : Rate of binding of ComE to one site of Pc (high affinity)

k-E
h : Rate of unbinding of ComE from one site of Pc (high affinity)

We assume that the two units of the ComE⇠P dimer bind at the same time to the
two sites of the promoter Pc. This is, we assume that the binding of the second unit
of the ComE⇠P dimer is fast compared to the binding of the first unit, which is the
limiting rate of the binding process. For ComE we explicitly model the two separate
bindings because ComE binds as a monomer to both sites of the gene promoter. We
make the same assumption for Px.

Then, the equations for this promoter are:

dP0
c

dt
= -k+EP

c P0
cComEPdim + k-EP

c PEP
c - 2k+E

h P0
cComE+ k-E

h PE
c (1)

dPEP
c

dt
= k+EP

c P0
cComEPdim - k-EP

c PEP
c (2)

dPE
c

dt
= 2k+E

h P0
cComE- k-E

h PE
c + 2k-E

h PE2
c - k+E

h PE
cComE (3)

dPE2
c

dt
= -2k-E

h PE2
c + k+E

h PE
cComE (4)
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We calculate the fraction of the promoter that is in each of the different configura-
tions when the system reaches the steady-state. The steady-state values for each
configuration are denoted by P̂0

c , P̂
EP
c , P̂E

c , P̂
E2
c .

From (4), it follows that P̂E2
c =

k+E
h P̂E

cComE

2k-E
h

.

Adding (3) and (4) and solving at the equilibrium for P̂E
c yields P̂E

c =
2k+E

h P̂0
cComE

k-E
h

.

Finally, setting (2) to 0 and solving yields P̂EP
c =

k+EP
c P̂0

cComEPdim

k-EP
c

.

We introduce the following dimensionless variables to simplify the previous equa-
tions,

EH =
ComE

KE
H

and EPC =
ComEPdim

KEP
C

where KE
H =

k-E
h

k+E
h

and KEP
C = k-EP

c

k+EP
c

are the disassociation constants for the binding of
ComE (to a high affinity site) and the ComE⇠P dimer to Pc respectively.

Then, the fraction of comCDE promoter that is bound to the ComE⇠P dimer when
the system is in the steady-state, YEP

C , is,

YEP
C =

P0
cEPC

P0
cEPC + P0

c + 2P0
cEH + P0

cEH
2

=
EPC

EPC + (1+ EH)2

Analogously, the fraction of promoter that is free is Y0
C =

1

EPC + (1+ EH)2
, and the

fraction of promoter that is bound to at least one ComE molecule is YE
C = 1- Y0

C - YEP
C .

Promoter with one high affinity and one low affinity site: Px

Variables:
P0
x: Free comX promoter

PEP
x : comX promoter bound to the ComE⇠P dimer

PEh
x : comX promoter bound to one molecule of ComE at the high affinity site

PEl
x : comX promoter bound to one molecule of ComE at the low affinity site

PE2
x : comX promoter bound to two molecules of ComE

Parameters:
k+EP
x : Rate of binding of the ComE⇠P dimer to Px
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k-EP
x : Rate of unbinding of the ComE⇠P dimer from Px

k+E
l : Rate of binding of ComE to the low affinity site of Px

k-E
l : Rate of unbinding of ComE from the low affinity site of Px

We assume that the rates of binding and unbinding of ComE to a site with high affin-
ity are the same for both gene promoters, Px and Pc. Thus, the rates of binding and
unbinding of ComE from the high affinity site of Px are k+E

h and k-E
h respectively.

The equations for this promoter are:

dP0
x

dt
= -k+EP

x P0
xComEPdim + k-EP

x PEP
x - k+E

h P0
xComE- k+E

l P0
xComE

+ k-E
h PEh

x + k-E
l PEl

x

dPEP
x

dt
= k+EP

x P0
xComEPdim - k-EP

x PEP
x

dPEl
x

dt
= k+E

l P0
xComE- k-E

l PEl
x + k-E

h PE2
x - k+E

h PEl
x ComE

dPEh
x

dt
= k+E

h P0
xComE- k-E

h PEh
x + k-E

l PE2
x - k+E

l PEh
x ComE

dPE2
x

dt
= k+E

h PEl
x ComE+ k+E

l PEh
x ComE- (k-E

h + k-E
l )PE2

x

We introduce the following dimensionless variables,

EL =
ComE

KE
L

and EPX =
ComEPdim

KEP
X

where KE
L =

k-E
l

k+E
l

and KEP
X = k-EP

x

k+EP
x

are the disassociation constants for the binding of
ComE to a low affinity site and the ComE⇠P dimer to Px respectively.

Then, the fraction of comX promoter that is bound to the ComE⇠P dimer when the
system is in steady-state is,

YEP
X =

EPX
EPX + (1+ EL)(1+ EH)

The fraction of promoter that is free is Y0
X =

1

EPX + (1+ EL)(1+ EH)
, and the fraction

of promoter that is bound to at least one ComE molecule is YE
X = 1- Y0

X - YEP
X .

ComAB promoter

Less is known about the specific details of the interaction of the promoter of comAB
with ComE and the ComE⇠P dimer. We assume, analogously to Px, that this pro-
moter has a high affinity and a low affinity binding site for ComE. Therefore, YEP

AB =

113



YEP
X . We make this assumption because the promoter sequence of one of the binding

sites contains a pair of mismatched bases relative to the consensus sequence of the
ComE binding sites (Martin et al., 2013). This would be consistent with the observa-
tion that the response of the comCDE promoter to CSP is stronger than the one of
the comAB promoter (Martin et al., 2013).

�.�.�.� Population-level component

The population-level component of the model keeps track of the population density
and the extracellular concentration of CSP. Since the total volume of cells is low
relative to the volume of the medium, we assume that the external volume remains
constant.

Population density

Population growth is described by a logistic growth equation

dn

dt
= rgn(1-n)

where rg is the growth rate of the population and n is the population density nor-
malised by the carrying capacity of the medium. The rate of protein degradation
(due to cell division) equals rg = µ log 2 (where µ is the doubling rate).

Extracellular concentration of CSP

dCSP
dt

= ↵n

✓
re ComAB ComC

ComC + ke

◆
- �CSPCSP

↵ is a scaling factor to convert the total number of CSP molecules produced by the
population per second (population density times the total number of CSP molecules
produced by a single cell per second) into the change in the CSP concentration per
second.

�.�.�.� Environmental effects on competence

Effect of pH in the model

We inferred that pH mainly affects CSP export rather than detection based on the
experiment presented in Fig. 5 (see also section on pH in the main text). Therefore,
we implemented the effect of pH by modifying the rate re at which ComC is exported
from the cell as CSP. However, note that pH-dependent CSP export and detection
are equivalent in the model. This can be seen by considering the original model,
in which CSP export is pH-dependent. In such a model, where re depends on the

114



pH, the variable for CSP can be rescaled by introducing a new variable, CSP 0, in the
following way:

CSP 0 =
�CSP
re(pH)

Then, the model equations for CSP 0 production and detection can be written as:

dCSP 0

dt
= ↵n�

✓
ComAB ComC

ComC + ke

◆
- �CSPCSP 0

dComDdim

dt
= dD ComD2 - d-

DComDdim - K(pH) CSP 0 ComDdim+

�ComDPdimComE - �DdimComDdim

dComDPdim

dt
= K(pH) CSP 0 ComDdim - �ComDPdimComE - �DPdimComDPdim

where K(pH) =  re(pH)
� . Note that, in the rescaled alternative model, the pa-

rameter that depends on the pH is the one for CSP detection. This shows that the
alternative model, with pH-dependent CSP detection, is mathematically equivalent
to our original model, with pH-dependent CSP production, so that both ways of
implementing pH-dependency lead to exactly the same biological conclusions.

Effect of antibiotics in the model

HPUra stalls the replication fork, increasing the copy number of comAB, comCDE
and comX, as these genes are near the origin of replication (Slager et al., 2014). Slager
et al. [2014] estimate that this increase can be by a factor of 3 or more. Since we
are using lower concentrations of HPUra, we assume that in the presence of this
antibiotic the promoter copy number of all these genes (gAB, gCDE and gX) doubles.

The proposed mechanism of action of streptomycin is to decrease the rate of degra-
dation of CSP by HtrA (Stevens et al., 2011). Hence, in the model we assume that
the rate of CSP degradation �CSP halves in the presence of streptomycin.
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�.�.� Supplementary Figures and Tables

Strain/plasmid Relevant genotype Reference
D39 Serotype 2 strain Avery et al. [1944]
DSM2 �bgaA::PssbB-luc-gfp This study
DLA3 �bgaA::PssbB-luc Slager et al. [2014]
ADP243 �comC::ery This study
ADP62 �bgaA::PssbB-luc, �comC::ery This study
ADP49 PMEN14 with ssbB-luc This study
ADP51 S. mitis with ssbB-luc This study
ADP25 �cps::chl This study
ADP238 �cps::chl, �comC::ery This study
ADP26 �bgaA::PssbB-luc, �cps::chl This study
ADP92 PMEN14 with ssbB-luc, �cps::chl This study
ADP249 PssbB-ssbB-gfp This study
ADP151 PssbB-ssbB-gfp, �cps::chl This study
ADP235 �cep::p3-mkate2 This study
ADP244 �cep::p3-mkate2, �cps::chl This study
ADP245 �cep::p3-mkate2, PssbB-ssbB-gfp This study
ADP246 �cep::p3-mkate2, �cps::chl, PssbB-ssbB-gfp This study
ADP247 �cep::p3-mkate2, PssbB-ssbB-gfp, �comC::ery This study
ADP248 �cep::p3-mkate2, �cps::chl, PssbB-ssbB-gfp, �comC::ery This study
ADP95 �bgaA::PssbB-luc , �prsA::lacI-gm This study
ADP112 �bgaA::PssbB-luc, �cep::Plac-comC, �comC::ery This study
ADP107 �bgaA::PssbB-luc , �cep::Plac-comCDE, �comCDE::chl This study
MK356 �bgaA::PssbB-luc-gfp, �htrA::ery This study

Table S1: Strains used in this study.
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Protein �x/�
R
x �x gx �0

x gx
ComA 10 0.5 0.015
ComB 15 0.5 0.015
ComC 150 1 0.03
ComD 15 1 0.03
ComE 30 1 0.03
ComX 50 0.5 0.015

Table S2: Transcription and translation rates for all proteins in the model. �x/�
R
x

corresponds to the number of proteins produced per mRNA molecule.
Martin et al. [2013] estimated the amount of ComE and ComD monomers
in a competent cell and they report a ComE/ComD ratio of approximately
2. Since ComD and ComE are under the control of the same promoter we
assume that the differences in total number arise during protein transla-
tion. Less is known about the stochiometry of ComA, ComB, ComC and
ComX so we assume that the differences in translation are proportional
to the size of the proteins (aa) relative to ComE. �x gx corresponds to
the number of mRNA molecules transcribed per second when all the pro-
moters inside the cell are bound to ComE⇠P. Given the rate of protein
degradation (which we assume to be the same for all the proteins, see
Table S3) and the number of proteins per mRNA we adjusted the rate
of transcription of comCDE to match the estimates of ComE and ComD
monomers in a competent cell presented by Martin et al. [2013]. In this
study they also estimated a two-fold difference between the transcription
rate of comCDE and comX. We assumed that comAB has the same transcrip-
tion rate as comX. Note that these values are within the range of measured
transcription rates in other bacteria (Liang et al., 1986). �0

x gx corresponds
to the number of mRNA molecules transcribed per second when all the
promoters inside the cell are free or bound to ComE. Martin et al. [2013] es-
timated an approximate 30-fold difference between the number of ComE
and ComD monomers in competent and non-competent cells. We use this
estimate to set the basal transcription rate �0

x from �x.
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Parameter (Symbol) Value Source
Degradation rate of protein or complex x (�x) 4.4⇥ 10-4 s-1 Doubling time

of 26 min ?

Degradation rate of CSP (�CSP) 5.5⇥ 10-4 s-1 Assigned •

Michaelis constant for CSP export (ke) 100000 # Assigned
Export rate of CSP after ComC binds ComAB (re) 5⇥ 10-3 s-1 Assigned
Rate of binding of CSP to the ComD dimer () 1⇥ 10-4[ ]-1s-1 Assigned
Rate of phosphorylation of ComE by the phos-
phorylated ComD dimer (�)

1⇥ 10-4#-1s-1 Assigned

Rate of formation of ComAB complex (dAB) 0.6 #-1s-1 Assigned 4

Rate of disassociation of ComAB complex (d-
AB) 0.1 s-1 Assigned 4

Rate of formation of ComD dimer (dD) 0.6 #-1s-1 Assigned 4

Rate of disassociation of ComD dimer (d-
D) 0.1 s-1 Assigned 4

Rate of formation of ComE⇠P dimer (dEP) 0.6 #-1s-1 Assigned 4

Rate of disassociation of ComE⇠P dimer (d-
EP) 0.1 s-1 Assigned 4

Kd for binding of ComE⇠P to Pc (KEP
c ) 5800 # Martin et al.

[2013] �

Kd for binding of ComE⇠P to Px (KEP
x ) 53000 # Martin et al.

[2013] �

Kd for binding of ComE to a high affinity binding
site (KE

H)
27000 # Martin et al.

[2013] �,⇥

Kd for binding of ComE to a low affinity binding
site (KE

L)
138000 # Martin et al.

[2013] �,⇥

Volume of a cell (VS) 1⇥ 10-15 L Kubitschek
and Friske
[1986]

Growth rate (rg) 4.4⇥ 10-4 s-1 Doubling time
of 26 min

Scaling factor (↵) 0.5 [ ] #-1 Assigned

Table S3: Other parameters values.
? We assume that there is no further protein degradation so this term only corresponds to
dilution due to cell division.
• Average CSP lifetime of 30min.
4 We assume that the dissociation constant Kd for all these bindings is 10nM which is a
typical value for dimeric proteins (Buchler, Gerland, & Hwa, 2005). We translate this
number into number of molecules per cell using an estimate (Kubitschek & Friske, 1986) for
the volume of an E. coli cell of 1⇥10-15 L. We further assume that dimerisation occurs fast
relative to other processes like phosphorylation or protein degradation so we set the rate of
dimer dissociation to 0.1 s-1 and calculate the rate of dimer formation using Kd.
� We tried to infer these values in terms of the number of proteins per cell from the Kd

values reported by Martin et al. [2013] (which are in nM) and assuming a cell volume of
1⇥10-15 L. This yields very low numbers relative to the total amount of proteins present in
the cell (given the values in the Table S2) so we increased the resulting numbers by a factor
of 100 while keeping the same ratio.
⇥ Since Martin et al. [2013] only provide an estimate for the the Kd of the binding of ComE
to the comCDE and comX promoters but do not provide specific estimates for the two
binding sites, we assume that the Kd for the comCDE promoter corresponds to KE

H and
calculate KE

L assuming that the Kd of the comX promoter corresponds to the average
between KE

H and KE
L .
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Figure S1: D39 secretes CSP to the extracellular space. Growth curves and com-
petence expression measured as relative luminescence units normalised
by cell density (RLU/OD) for DSM2 cells growing in 2x concentrated
C+Y mixed at a 1:1 ratio with cell-free supernatant from two cultures:
one where competence developed, D39 strain grown at pH 7.9, and one
where competence did not develop, comC-deficient D39 (ADP243) grown
at pH 7.9. Three replicates are shown per condition. In a) the initial pH
of the medium is adjusted to 7.3. Competence does not develop naturally
at this pH (see pH section in the text) but it developed when supernatant
from the competent D39 culture was added to the medium. In b) the
initial pH of the medium is adjusted to 7.5. Although at this pH com-
petence develops both with the supernatant of the competent and non-
competent cultures, it develops faster in the first case. This suggests that
the supernatant from the competent D39 culture contained CSP that lead
to competence induction of DSM2 at pH 7.3 and sped up competence
induction at pH 7.5.

119



●

●

●

●

●

●

●

●

Density

R
LU

5x10−4 5x10−3 5x10−2
40

200

1000

5000

25000
threshold = 1.56x10-3

R2=0.995

Figure S2: Sensitivity of the Tecan Infinite 200 PRO luminometer. RLU signal
of DSM2 cells precultured in acid C+Y (pH 6.8), incubated with CSP
for 10 minutes and inoculated at different densities in the plate reader.
RLU is directly proportional to the cell density up to a density of OD595

1.56⇥ 10-3. Below this threshold the RLU signal is lower than expected
from the proportionality between cell density and RLU indicating that
the luminometer cannot detect all light produced by the population. We
performed the same experiment by diluting competent cells in medium
with non-competent DSM2 cells (instead of cell-free medium). The to-
tal cell density (adding competent and non-competent cells) was fixed
to 10-1 for all dilutions. The difference in RLU with respect to the data
for competent cells diluted in cell-free medium was less than 8% for all
dilutions. This indicates that even if the light would come from a sub-
population of competent cells our luminometer would be able to detect
it as long as the size of this subpopulation is above the density threshold
for detection.
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Figure S3: Model predictions of the effect of inoculation density on competence
development for cells that start being competent (mimicking precul-
ture in non-acid conditions). The number of ComE⇠P dimer molecules
per cell and the extracellular concentration of CSP over time are shown
for two different inoculation densities. a) Initial density of 10-6. b) Ini-
tial density of 0.01. Although cells are competent initially, if they are
inoculated at low densities they can not produce enough CSP to remain
competent and they switch off. On the other hand, if the inoculation
density is high, cells produce enough CSP to remain competent. This
explains the differences in the timing of competence initiation observed
in Fig. 2b and 2c. While for low inoculation densities there is no dif-
ference between the time of competence initiation for cells coming from
acid and non-acid preculture, for high inoculation densities competence
starts earlier for cells coming from non-acid preculture.
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Figure S4: The comC deficient ADP247 becomes competent only when grown with
D39 a) Distributions of mean single-cell fluorescence signal in two dif-
ferent positions (top and bottom panel) on a slide with C+Y (pH 7.9)
inoculated with only ADP247. The distribution includes every cell seg-
mented in the first 110 minutes after inoculation to maximise the chance
of detecting fluorescence signal if any. See Supplementary Movies 3 and
4 for the corresponding time-lapse videos with an overlay of phase con-
trast, GFP and RFP signal for the top and bottom panels respectively. b)
Distribution of mean single-cell fluorescence signal at 70 minutes for the
ADP247 colony growing close to the D39 colony in Fig. 3c. Both strains
were spotted together on a slide with C+Y (pH 7.9).
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Figure S5: Effect of cell density on competence development in other strains. Growth
curves (OD595) and competence expression measured as relative luminescence
units (RLU) expressed from the promoter of the late competence gene ssbB for
different strains. In all cases, cells were precultured in acid C+Y (pH 6.8) and
inoculated at a range of densities in C+Y at pH 7.9. The inoculation densities
were (OD595): 0.1 (Green), 0.05 (Red), 0.01 (Blue), 10-3 (Purple), 10-4 (Green),
10-5 (Yellow) and 10-6 (Brown). Four replicates are shown per condition. a)
ADP26, an unencapsulated version of DLA3 made by deleting the entire cps
operon. b) ADP49, the clinical isolate PMEN14 with the ssbB-luc reporter, and
its unencapsulated version ADP92. The entire cps operon was deleted from
ADP49 to construct ADP92. c) ADP51, S. mitis with the ssbB-luc reporter. S.
mitis is naturally unencapsulated. Although the time of competence initiation
increases with lower inoculation density in all the strains, the slope of the RLU
signal decreases with the inoculation density in the unecapsulated strains. This
was also reported by Claverys et al. [2006] and Prudhomme et al. [2016] in their
studies, which were made only with unencapsulated strains.
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Figure S6: The unencapsulated D39 releases CSP to the extracellular space and can
spread competence without cell-cell contact. a) Growth curves and competence ex-
pression measured as relative luminescence units normalised by cell density (RLU/OD)
for ADP26 cells growing in 2x concentrated C+Y mixed at a 1:1 ratio with cell-free su-
pernatant from two cultures: one where competence developed, unencapsulated D39
(ADP25) grown at pH 7.9, and one where competence did not develop, ADP238 (comC-
deficient ADP25) grown at pH 7.9. Three replicates are shown per condition. In the top
panel the initial pH of the medium is adjusted to 7.3. Competence only develops when
the supernatant from the competent culture was added to the medium. In the bottom
panel the initial pH of the medium is adjusted to 7.5. Although at this pH competence
develops both with the supernatant of the competent and non-competent cultures, it de-
velops faster in the first case. This suggests that the supernatant from the competent
unencapsulated D39 culture contained CSP that lead to competence induction of ADP26
at pH 7.3 and sped up competence induction at pH 7.5. b) Time-lapse fluorescence
microscopy tracking competence development in two colonies with a fusion of the late
competence gene ssbB to gfp: one formed by cells of the unencapsulated D39, ADP151,
and one formed by cells of a comC deficient unencapsulated D39, ADP248. The two
strains are distinguishable because ADP248 constitutively expresses a red fluorescent
protein. Competence develops first in the unencapsulated D39 and then it propagates to
the unencapsulated comC deficient mutant without the necessity of cell-cell contact. See
Supplementary Movie 5 for the corresponding time-lapse video. Scale bar: 5 µm.
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Figure S7: pH decreases with cell density. Change of pH of the medium during
DSM2 growth. The initial pH of the medium is 7.9. Although pH drops
considerably during growth, by the density competence develops under
our experimental conditions (below 0.1, see Fig. 2c), acidification is still
minor.
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Figure S8: Interplay of pH and external CSP in competence development. a) Growth
curves and competence expression as RLU units normalized by cell density for the IPTG-
inducible comC mutant, ADP112, at different IPTG concentration and pH values. For
a fixed IPTG concentration competence develops faster with increasing pH. When the
IPTG concentration is 62.5 µM competence does not even develop at pH 7.2. b) Growth
curves and competence expression as RLU units normalized by cell density for the IPTG-
inducible comCDE mutant, ADP107, at different IPTG concentrations and pH values. For
a fixed IPTG concentration competence develops faster with increasing pH as observed
for ADP112. The intensity of the RLU/OD signal decreases with pH and at pH 7.2
competence barely develops (the maximum total RLU signal is 350 or less for all the
IPTG concentrations). Note that the ComE⇠P/ComE ratio in this mutant can be strongly
lowered if cells export/detect less CSP with decreasing pH since ComE expression does
not depend on this ratio (as in the wild type) but is instead fixed. This would explain
reduced and almost absent competence development with decreasing pH in this mutant.
IPTG is added at the moment of inoculation and two replicates are shown per condition
in a) and b). The dots in the right graphs correspond to the average of the two. c) Growth
curves and competence expression as RLU units normalized by cell density for popula-
tions of the comC deficient mutant ADP62 growing in C+Y medium with different pH
and different initial concentrations of CSP. The colors represent the concentration of CSP
that was externally added at the start of the culture: 100 ng mL-1 (Red), 25 ng mL-1

(Orange), 6.25 ng mL-1 (Yellow), 1.56 ng mL -1 (Green), 0.39 ng mL-1 (Blue) and none
(Black). Three replicates are shown for every condition.
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Figure S9: Competence is not upregulated in an htrA- mutant relative to the wild
type. Growth curves and competence expression at different pH (7.3, 7.6
and 7.9) for the wild type (in different shades of blue) and the htrA-

mutant (in different shades of red) in a) medium with no antibiotic and
b) medium with 3µg mL-1 of streptomycin. In a) competence does not
develop in neither of the two strains at pH 7.3. In b) competence does
develop in the wild type at pH 7.3 but not in the htrA- mutant. Based on
the hypothesis that HtrA degrades CSP, it would be expected that com-
petence is upregulated in the htrA- mutant relative to the wild type. We
do not find support for this prediction since for the same pH competence
always developed earlier in the wild type than in the htrA- mutant both
in the presence and in the absence of streptomycin. Since the htrA- mu-
tant grows at a lower rate, we also compared the density of competence
initiation for the two strains (right graphs). With the exception of pH 7.9
with no antibiotic, competence always started at the same or at a higher
density in the wild type than in the htrA- mutant.
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Figure S10: Non-acid cell history can allow competence development also at pH
7.3 but a higher inoculation density is needed than at pH 7.4. Growth
curves and competence expression as RLU units normalized by cell den-
sity (RLU/OD) for cells coming from non-acid preculture (pH 7.9) and
inoculated in medium at pH 7.3 at different initial densities. Three repli-
cates are shown per inoculation density. Competence only develops for
the highest inoculation density as opposed to pH 7.4 where it also de-
velops at OD595 7.4⇥ 10-4.
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Figure S11: Binding of ComE and ComE⇠P to the two binding sites of the gene
promoters Pc and Px. Scheme based on the model suggested by Mar-
tin et al. [2013] illustrating the possible configurations of the promoters.
The yellow circles represent the phosphate groups of ComE⇠P. We as-
sume that transcription only happens at a high rate when the promoters
are bound to the ComE⇠P dimer. In all other configurations, transcrip-
tion occurs at a basal rate.
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