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31  Abstract

32 During colonization of the human nasopharynx, multiple strains of the Gram-positive pathogen Streptococcus

33 pneumoniae coexist and compete with each other using secreted antimicrobial peptides called bacteriocins. The major
34 class of pneumococcal bacteriocinsis encoded by the blp operon, whose transcription is controlled by the secretion and
35 detection of a polymorphic family of quorum sensing (QS) peptides. We examined the genomic association between blp
36 QS signals (BIpC) and receptors (BlpH) across 4,096 pneumococcal genomes. |mperfect concordance between nine QS
37  signal peptide types and five phylogenetically-related QS receptor groups suggested extensive crosstalk between signals
38 (where cells produce signalsthat non-clonal cells can detect) and eavesdropping (where cells respond to signals that

39 they do not produce). To test these possibilities, we quantified the response of reporter strains containing each of six

40 different blp QS receptor variantsto cognate and non-cognate synthetic peptide signals. As predicted, we found

41 evidence for crosstalk in five of six tested signals and for eavesdropping in four of these receptors. Thesein vitro results
42 were confirmed during interactions between pneumococcal colonies grown adjacent to one another, providing direct

43 evidence that crosstalk and eavesdropping occur at endogenous, ecologically-relevant, levels of signal secretion. Finally,
44 using a spatially explicit stochastic model, we show that eavesdropping genotypes gain evol utionary advantages during
45 inter-strain competition, even when their affinity to non-cognate signalsis as low as 10% of the affinity to their cognate
46  signal. Our results highlight the importance of social interactions in mediating intraspecific competition among bacteria
47 and clarify that diverse competitive interactions can be mediated by polymorphism in QS systems.

48

49  Author Summary

50 Quorum sensing (QS), where bacteria secrete and respond to chemical signals to coordinate population-wide
51 behaviors, has revealed that bacteria are highly social. Here, we use a multifaceted approach to investigate how

52 diversity in QS signals and receptors can modify social interactions controlled by the QS system that regulates

53 antimicrobial peptide secretion in Sreptococcus pneumoniae. We experimentally confirmed that single QS receptors
54 can respond to multiple signals (eavesdropping) and that single QS signals activate multiple receptors (crosstalk).We
55  also show that QS eavesdropping can differentially affect gene expression in neighboring colonies. Eavesdropping and
56 crosstalk can potentially explain our finding from surveys of 4,096 pneumococcal genomes that 16.7% of strains

57 express QS receptors that may be unable to detect the QS signal that they produce. Simulations of QS strains producing
58 antimicrobial peptides revealed that eavesdropping can be evolutionarily beneficial even when their affinity for non-

59 cognate signalsis very weak. Our results demonstrate the importance of eavesdropping and crosstalk as drivers of the
60 outcome of competitive interactions mediated by bacterial quorum sensing.

61

62
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63
64 [ ntroduction

65 Quorum sensing (QS) is a mechanism of intercellular communication that allows bacterial populations to

66 coordinately regulate gene expression in response to changes in population density. QS is controlled by the secretion
67 and detection of diffusible signaling molecules that, at threshold concentrations, lead to increased signal secretion and
68  theinduction of coupled downstream pathways (1,2). By this process, QS ensures that metabolically costly products are
69 only produced when this would benefit the bacterial population, i.e. when they are at high concentrations (2,3). QS

70 systems are coordinated by the fact that cells are simultaneously capable of sending and detecting a specific sgnal (2-4),
71 a characterigtic that increases the likelihood that QS functions as a private message between clonemates that share

72 evolutionary interests (5,6). Evolutionary biology research on QS has focused on the dynamics of QS signal-blind

73 and/or QS detection-blind cells (‘ cheaters') that do not pay the cost of QS but that take advantage of any induced public
74 goods created by QS-faithful cells (* cooperators') (7—12). However, outside the laboratory, bacteria often residein

75 multispecies and multi-strain communities, where secreted QS signals can be detected by any cell, not just by

76 clonemates (3). Thus, although QS works as an effective means of gene regulation in the laboratory in single strain

77 cultures, QSin nature may be less reliable because it is susceptible to signal eavesdropping (i.e. where a promiscuous
78 QS receptor can detect a QS signal not produced by that genotype) and signal crosstalk (i.e. where a non-specific QS
79 signal can activate QS receptors in genotypes that produce other QS signals) (Fig. 1A; 3, 7). Thisvariationin QS

80 signals and QS signal detection is both widespread in nature (14-17) and distinct from well-studied cheater/cooperator
81 dynamics. For example, signal-blind bacteria that produce, but are incapable of responding to, QS signals can engage in
82 signal crosstalk in order to manipulate the behavior of other cells, e.g. by inducing them to produce expensive public
83 goods (8). Crosstalk and eavesdropping can occur even if al cells within a population are otherwise phenotypically

84  wild-typeif (i) QS signals and receptors are polymorphic and (ii) signals can bind and activate more than one receptor
85 variant. Here we examine these issues using the polymorphic QS system regulating bacteriocin production in the Gram-
86 positive opportunistic pathogen Streptococcus pneumoniae, where QS isintegral for mediating intraspecific

87  competition.

88 To initiate infection, S. pneumoniae must successfully colonize the nasopharynx and then persist during

89 subseguent colonization attempts from other strains. Commensal carriage of S. pneumoniae is ubiquitous, affecting up
90 to 88% of children worldwide (18,19), while between 5-52% of individuals are co-colonized with multiple strains (19—
91 22). The interactions between different strains during colonization are widespread and dynamic, and the rate of clonal
92 turnover — where one strain displaces another — occurs on a timescale of days to months (23,24). Among the key

93 factors thought to mediate intraspecific competition among pneumococcal strains are small anti-microbial peptides with

94 narrow target ranges called bacteriocins (25), many of which are regulated by QS. The genome of S. pneumoniae
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95 encodes several bacteriocin families, the most diverse of which are the bacteriocins encoded by the blp (bacteriocin-like

96 peptides) operon (26,25). Our recent work revealed that the number of distinct combinations of bacteriocins and

97 immunity genes at this operon can extend into the trillions, although phylogenetic and functional constraints reduce this

98 number to several hundred realized combinations (27). As with other Gram-positive peptide signals, the QS signal

99 peptide (BIpC) regulating the blp operon is constitutively produced at low levels, but is auto-induced at high levels once
100  athreshold concentration has been reached (26). Secreted BIpC binds to the extracellular domain of the membrane-
101  bound higtidine kinase BlpH, and upon binding the kinase phosphorylates the response regulator BIpR (Fig. 1B; 14, 15),
102  whichinitiates production of the blp bacteriocin and immunity genes and increases production of the BIpC signal (30).
103 Additionally, blpC expression is enhanced by the induction of pneumococcal competence, which is regulated by the
104 paralogous com QS signaling system (31). Both ABC transporters BIpAB (32) and ComAB (31,33) cleave the N-
105 terminal, double-glycine leader sequence of BIpC before export of the mature peptide signal by the same transporters
106 (Fig. 1B). Another QS signal, CSP (competence-stimulating-peptide), can induce the transcription of blp genesat alow
107 rate through the QS receptor ComD and its associated response regulator, ComE (31,33). Using QS to regulate secretion
108 presumably ensures that Blp bacteriocins are only produced when there is a sufficiently high cell number to allow these
109  anticompetitor toxinsto reach effective concentrations.
110 Importantly, both the BIpC signal and its receptor, BlpH, are highly polymorphic. Our survey of 4,096 genomes
111  identified 29 amino acid variants of the BIpC gene and 156 amino acid variants of BlpH (27). What are the effects of
112  thisvariation, and how does this diversity influence the competitive interactions between strains that are mediated by
113 blp bacteriocins? One possibility isthat each unique BlpC signal corresponds to a distinct set of BlpH receptorsto
114  whichit specifically and exclusively binds. By this explanation, strains detect and respond only to their own signal to
115 determine the threshold at which they induce the blp operon. Such exclusivity isfound in the competence signaling
116 system where the two dominant peptide signals, CSP1 and CSP2, only induce cells expressing the cognate receptor (34).
117 Similarly, there is near perfect concordance between the signal and receptor carried by any single genome, suggesting
118  that tight coupling of these loci iscrucial for the activation of competence (35). An alternative possibility, considered in
119  arecent experimental study (36), isthat BIpC peptides cross-react via crosstalk or eavesdropping with different BlpH
120 receptors, thereby leading to a scenario where competing strains interact socially to induce the production of either
121 immunity or bacteriocins at densities that would be insufficient for activation by auto-induction. Bacterial strains may
122 benefit from this cross-reactivity if they are forewarned of the threats from others, allowing them to induce their own
123 bacteriocins or immunity. Alternatively, eavesdropping may be codtly if strains with promiscuous receptors are induced
124  to secrete bacteriocins at densities that are too low to provide sufficient benefits to offset the costs of their production. S
125 pneumoniae presents an ideal opportunity to study the evolution of QS systems beyond cheater/cooperator dynamics

126  (10-12) in an easily manipulated, highly relevant study system in which much is already known about signal/receptor
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127  dynamics(36).

128 To undergtand the incidence and consequences of crosstalk and eavesdropping in a QS system that contains
129  enormousdiversity, we first investigated the fidelity between BIpC signals and BlpH histidine kinases across thousands
130 of S. pneumoniae genomes using a bioinformatics approach. These results then informed experiments that quantified
131 the response of bacterial strains and interacting colonies to cognate and non-cognate peptide signals across the major
132  signaling classes. Finally, these results were examined in light of a stochastic mode that investigated the consequences
133 of QS eavesdropping for bacteriocin regulation. Our results reveal the importance of QS signaling polymorphism on blp
134 operon regulation and clarify its ecological effectson S. pneumoniae intraspecific interactions.

135

136  Results

137  Molecular diversity of blpH and blpC

138 We examined 4,418 S. pneumoniae genomes taken from six data sets of randomly collected strains (Magla,

139  Massachusetts Asymptomatic, GenBank, Hermans, Georgia GenBank, and PMEN: 4,096 genomes in total) and two
140 additional data setsthat are intentionally biased to specific clonal sub-groups (Complex 3 and PMEN-1: 322 genomes
141 in total). We identified blpC in 99.0%, blpH in 99.0%, and both bIpC and blpH in 98.2% of the 4,418 genomes using a
142  DNA reciprocal BLAST algorithm (27). We note that the few genomes apparently lacking a blp operon gene may still
143 contain these genes, as the data sets contain incomplete draft genomes.

144 We found extensive allelic variation within blpC, which contains 37 alleles at the nucleotide level, 29 protein
145 variants, and 20 different BlpC signal peptides, including signal peptides lacking a canonical double-glycine cleavage
146  site. Nine of these peptide signal sequences were found in more than 0.5% of genomes (i.e., over 20 genomes; Table 1),
147 and together these nine comprise ~98% of all signal variants. All signals under this 0.5% threshold were each confined
148 to asingle clade in the whole-genome phylogeny (Fig. S1). Each unique BIpC signal was designated with a letter from
149 the NATO phonetic alphabet (Table 1). As expected for the genomes from intentionally biased samples, the PMEN-1
150 data set almost exclusively carried the Golf signal (93.8%; Table S1), while the Clonal Complex 3 data set almost

151 exclusively carried the Kilo signal (97.6%; Table 1). The Bravo and Hotel signal peptides were exclusively found in
152 strains collected as part of the Maela data set. Even though the Maela genomes composed the majority of genomesin
153 our data, the relatively high proportion of Maela genomes with the Bravo and Hotel signals (3.8% and 8.2%,

154 respectively) suggests that either natural selection or limited admixture prevented these signals from appearing in the
155 other data sets. There was more variation in blpH (194 alleles at the nucleotide level across 156 amino acid variants)
156  thaninblpC, although thisis alikely consequence of the fact that blpH is longer than blpC. Rarefaction curves of non-
157  singleton protein variants of BlpC and BlpH show that the diversity of protein variants reached saturation after ~2,000

158  and~3,000 sampled genomes, respectively (Fig. S2).
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159 Indicators of molecular evolution showed that blpH and blpC are evolving rapidly (Table 2). blpH had the
160  highest peak of nucleotide diversity across the seven blp regulatory genes (Fig. S3). Additionally, higher dy / ds ratios
161 (i.e. ahigher non-synonymous to synonymous mutation ratio) in the receptor versus the kinase region of this protein
162  (Table 2) suggests stronger diversifying selection acting on peptide:receptor binding than on the intracellular kinase
163 domain responsible for downstream signal transfer by phosphorylation. Inferred rates of recombination peaked within
164  the second transmembrane domain of BlpH; however, specific peaks of either nucleotide diversity or recombination
165  were not distinguished by predicted transmembrane regions (Fig. S3). Recombination also locally peaked within bipC
166  (Fig. S3), which also had an increased dy, / ds ratio when compared to estimates for housekeeping genes (Table 2).
167

168  blpC/blpH intragenomic pairing is highly biased but not exclusive

169 Phylogenetic analysis of blpC revealed four well-supported clades (Fig. 2) containing the following signals: 1)
170  Alpha, Bravo, and Kilo; 2) Golf and Hotel; 3) Charlie; and 4) Delta, Echo, and Foxtrot. With the exception of the Delta
171 signal, within-group signals are differentiated by a single amino acid or stop codon. The relationships between signaling
172 groups within these mgjor clades are uncertain, although there is evidence (0.75 < posterior probability < 0.95) that the
173 Hotel, Bravo, and Delta signals are each monophyletic within their respective larger clades.

174 After accounting for recombination, phylogenetic analysis of the receptor domain of blpH (residues 1-229)
175 identified five paraphyletic clades that are broadly concordant with the divisions observed for BlpC signals (Fig. 3),
176 although there are many exceptions to this correspondence. Across the five clades, the classification of blpH alleles
177  correlated with the BIpC signal in at least 75% of cases: (Alpha/ Bravo / Kilo Clade: 86.6%; Echo / Foxtrot Clade:
178 90.0%; Delta Clade: 100%: Charlie Clade: 86.2%; Golf / Hotel Clade: 75.0%). Evidence of extensive recombination
179  affecting the blpH kinase, intergenic region, and blpC signal (Fig. S3) suggests that recombination has caused some of
180 these mismatches; however, multiple recombination eventsin the same region obscure reconstructing these

181 evolutionary events with confidence. Overall, from the 4,002 genomes with full-length bipH genes, 667 genomes
182 (16.7%) show alack of correspondence between signal and peptide, suggesting either that these strains are deficient in
183  blpsignaling or that these BlpH histidine kinase receptors can be cross-induced by non-cognate BlpC signals. Overall
184  frequencies by signal and receptor class are summarized in Fig. 4A.

185

186  Crosstalk and eavesdropping between BlpC signalsand BlpH receptors

187  Toexaminethe incidence of crosstalk and eavesdropping between signals and receptors experimentally, we measured
188  theresponsiveness of each of the major BIpH clades to synthetic peptides from each BIpC class. We transformed a S.
189 pneumoniae D39 strain lacking the native blp regulatory genes (blpSRHC) with constructs expressing one of six

190  different BlpH histidine kinases alleles: blpSRHP* from the Alpha/Bravo/Kilo clade, blpSRH™EN2 from the
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191  Echo/Foxtrot clade, blpSRH™™%33 from the Delta clade, blpSRH"™a112 gnd bl pSRH™EN1 from the Charlie clade,
192  and blpSRH™EN8 from the Golf/Hotel clade. These strains also contained a reporter cassette, in which the blp-

193  promoter from either Py« Or Pyt controlled expression of firefly luciferase (luc), GFP ((sf)gfp), and B-galactosidase
194 (lacz) (31). Deletion of the blpC signal gene and the native blpSRH genes from the D39 ancestor ensured that the

195 reporter strains would only be induced in response to exogenously added signal viathe introduced bIpSRH systems. By
196 exposing cells to a concentration gradient of exogenous peptide, we could estimate the peptide concentration that

197 induced the maximum response as well the minimum concentration required to elicit a response. While the maximum
198 response indicates the overall influence of a given peptide on each receptor, the minimal concentration required to

199 induce a response provides an indication of the sensitivity of each receptor to every potential peptide partner.

200 Figures 4A-B shows that five of six Py« reporter strains were maximally induced by the BIpC signal carried by
201  asignificant majority of their wild type counterparts. However, we also see extensive evidence for crosstalk and

202 eavesdropping between mismatched peptide:receptor pairs, demonstrating that some BlpH receptors are highly

203 promiscuous while equally, several BIpC peptides can induce the blp operon in strains carrying non-complementary
204  BIpH receptors. For example, blpSRH™EN2 (Echo / Foxtrot BlpH clade) could be induced by 4 out of 6 synthetic

205  peptides, and the strain with blpSRH®™112 (Charlie BIpH clade) was strongly induced by the Echo and Foxtrot
206 signals at 65% and 71% expression of its cognate signal. While thereis clear evidence for cross-induction, these

207 responses tended to be less sensitive to non-cognate peptides, with a minimum concentration required for induction of
208  between 2-500-fold greater than with the cognate signal (Fig. 4C). By contrast, the strain with blpSRHMe™mas-1012

209 (Charlie BIpH clade) was more sensitive to the non-cognate Echo and Foxtrot signals (1 ng/ml and 3.9 ng/ml) than to its
210  complementary Charlie signal (7.8 ng/ml; Fig. 4C). The reporter strain carrying blpSRH™®™*3 did not respond to any
211  of the BIpC peptides, not even its cognate Delta BIpC (Fig. 4B-C). Interestingly, blpSRH"*™*33 aswell as all other
212  strainswith bipH allelesin the Delta clade, contains a frameshift in the blpR gene, encoding the response regulator, thus
213  preventing expression of the full-length blpR. This probably renders the QS systems non-functional and therefore not
214  responsive to added peptide. All results with Py« were mirrored with a different set of reporter strains that used the
215  blpT promoter for the reporter cassette (Fig. S4).

216 We conclude from these results that crosstalk among quorum-dependent peptide BlpC signalsis widespread and
217 concentration dependent, with strains able to eavesdrop onto multiple signals using cross-responsive receptors.

218 Furthermore, these results are highly concordant with the patterns of co-association observed in our bioinformatics
219 survey of pneumococcal strains. When only considering genomes carrying blpC and blpH alleles potentially capable of
220  blpactivation (asdetermined in Fig. 4B and 4C), 88.0 % of the strains are predicted to autoinduce blp expression under
221 appropriate conditions, i.e., their genomes contain functionally active blpC/blpH pairs. Notably, however, this also

222 indicates that a substantial proportion of strains (12.0%, 364 of 3046 genomes) may not be able to autoinduce blp
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223  expression sincethey carry blpC/blpH pairs that were inactive in our experimental assay; thisisin addition to strains
224 carrying Delta blpC/blpH, which was also unable to autoinduce blp expression in our assay.
225
226  Cross-induction between colonies
227 Pneumococci in the nasopharynx live in spatially structured colonies or biofilms. In order to determine if cross-
228 induction between signaling cells could occur under these conditions, we examined interactions between neighboring
229 colonies endogenously secreting either cognate or non-cognate signals (Fig. 5). In control assays, we first demonstrated
230 that colonies were induced by exogenous addition of peptide to the plate surface; these results were concordant with
231 thosein Figure 4B in 14 of 15 combinations (Fig. S5). Next, we measured expression of reporter strains when grown
232 adjacent to wild-type colonies that secreted BIpC peptides at endogenous levels (Fig. 5A). We observed aresponsein
233 the reporter strains as estimated by increased LacZ activity in 3 out of 6 strains, with 2 examples of induction by non-
234 cognate BIpC signals. Interestingly, when the reporter strain expressing the BlpH from Hermans-1012 was grown
235  adjacent to its wild type counterpart, there was no induction; instead this strain was induced by PMEN-14, which also
236  produced the Charlie signal. The same strain was also induced by PMEN-2, which produced the Foxtrot signal (which
237 induces Hermans-1012 at a lower concentration than with its cognate signal; Fig. 4C), and strain PMEN-18 (Golf/Hotel
238  BlpH clade) was induced by PMEN-14, which produced the Charlie signal (Fig. 5). This may suggest that in addition to
239  differencesin the binding affinities of BlpC and BlpH, strains may also vary in the concentration of the diffusible
240 signals that they secrete, at least under these experimental conditions. Consistent with our in vitro assays with
241 synthesized peptides, these results show that blp operon expression can be activated by crosstalk between neighboring
242 competing colonies secreting peptides at wild-type concentrations.
243
244 Evolutionary consequences of eavesdr opping genotypes
245 Because the blp operon is auto-induced via a quorum dependent process, cross-induction can potentially
246 influence other strains by lowering the population density required for auto-induction. To examine the possible effects
247 of cross-induction on bacteriocins, we developed a spatially explicit stochastic model to investigate conditions where
248 genotypes with eavesdropping receptors may be favored over strains only able to respond to a single peptide signal. We
249 further varied the signal affinity to eavesdropping receptors to determine how this altered the selective benefits of cross-
250 induction. Simulations are initiated with cells of four genotypes randomly spaced upon a plane. The four genotypes
251 each release their own QS signd at equal concentrations (Table S2). Cells bind these secreted signalsin a concentration
252 dependent manner, at which point they are induced to produce bacteriocins that kill susceptible neighbor cells at the
253 cost of reduced growth for the producer (37). While two faithful-signaling genotypes are only able to respond to their

254 own signals, the two other eavesdropping genotypes can respond to multiple signals. Our results shown in Fig. 6 lead to
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255 two conclusions. First, we observe strong benefits to eavesdropping cells that depends on the degree of cross-sensitivity,
256 or affinity, to non-cognate signals. Specifically, we found that higher affinity to non-cognate signal provides stronger
257 ecological benefits. This results from earlier potential activation (Fig. $4) and secretion of bacteriocinsin these cells, an
258 effect that increases with greater affinity to non-cognate signals. Second, we find that the benefits to eavesdropping are
259 strongly negative frequency-dependent, i.e. eavesdropping cells only gain benefits (in the form of earlier bacteriocin
260 induction) when surrounded by faithful-signaling cells. When eavesdropping cells are rare, they benefit through
261 maximum exposure to the alternative peptide, while after they increase in frequency they must rely solely on auto-
262 induction. Because the benefits of eavesdropping are frequency-dependent, these simple smulations thus suggest that
263 promiscuous receptor mutants with increased affinity to non-cognate signals will be able to rapidly invade populations
264 of cellsthat can only respond to a single signal. Interestingly, the Smulations also clarify that the affinity to non-
265 cognate signals can be extremely low — even at 10% of the affinity to cognate signals — to provide benefits (Fig. 6).
266
267
268  Discussion
269 Pneumococcal bacteriocins are believed to play a key role in mediating intraspecific competitive interactions
270 (25). Here, we show that the QS system regulating blp bacteriocinsis highly polymorphic, that there is widespread
271 evidence that QS signals are cross-reactive (crosstalk), and that promiscuous receptors can detect and respond to non-
272 cognate signals (eavesdropping). Assays between adjacent coloniesrevealed that both behaviors occur at endogenous
273 concentrations of secreted peptides, while simulations revealed ecological benefitsto strains that express promiscuous
274 receptors. Together, these results suggest that social interactions influenced by QS signaling may have a strong
275  influence on pneumococcal competition.
276 Previous surveys (28,38) of BIpC and BlpH identified four BlpC sgnals: the Alpha, Charlie, Foxtrot, and Golf
277  signalsin our nomenclature, which together represent ~75% of the strainsin our sample (Table 1). By expanding our
278  survey to thousands of strains, we identified several additional signal peptide families (Fig. 2): the Echo, Hotel, Delta,
279 Bravo, and Kilo signals. Two of these (Bravo and Hotel) were found only in the Maela dataset, consistent with the idea
280 of strong geographic structuring in this species; furthermore, because these signal variants appear in significant
281  frequencies (3.8% and 8.1%, respectively, within the Maela data set), we infer that they are not actively selected againgt.
282 The additional signals reported here suggest flexibility (and perhaps diversifying selection) in the mature signal peptide
283 sequence, such as in the first two residues (which differ between the Alpha, Bravo, and Kilo signals, which share a co-
284 occurring BlpH clade) and in signal residue 22, which differs between the Echo and Foxtrot signals despite the signals
285 activating BlpH variants near identically in our experiments (Fig. 4B, Fig. 4C). Previous work suggested that

286  differencesin the electric charge of signal residue 14 is crucial for specificity (36). Thisresidue is undoubtedly
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important because it differentiates the Alpha/Bravo/Kilo, Echo/Foxtrot, and Golf/Hotel signal groups; however, other
signal residues are also likely to be important for BlpH binding, as signalsthat are identical at this Ste 14 (e.g.
Golf/Hotel, and Alpha/Bravo/Kilo/Charlie) differentially bind/activate BlpH (Fig. 4). Although rarefaction analysis
indicates that we have essentially saturated the diversity of signal and receptor types (Fig. S2), more extensive sampling
in other geographic locations, such as with the Global Pneumococcal Sequencing project
(http://www.pneumogen.net/gps), will likely uncover further rare variants.

The concordance between the phylogenies of blpC and blpH and the extensive co-occurrence in individual
genomes suggest that these genes are co-evolving (Fig. 2, Fig. 3). At the same time, both blpC and blpH are changing
rapidly, asindicated by their relatively high levels of nucleotide diversity (Fig. S3) and their high non-synonymous/
synonymous subgtitution rates (Table 2), which is consistent with the idea that the genes are evolving non-neutrally.
The co-variation between BIpC and BlpH also allows inferences on the key residues within each gene that mediate their
binding. We used mutual information based upon this co-variation to identify residuesin BlpH that are correlated with
the QS signal, and these results can serve as a guide for experimental approaches to unravel the specificity of the
BIpC/BlpH interaction (Fig. S6, S7). Notably, our analysis of the BlpH receptor residues support previous findings that
resdues 17 and 119-124 are important for activation by BIpC signals (36), although additional residues co-vary with
specific BlpC signals (Fig. S5, S7).

While the correlation between blpH clade and co-occurring BlpC signal is high, in some clades the correlation
drops to 75.0%, and BlpH / BIpC mismatches (Fig. 3) are widespread across the pneumococcal phylogeny. This can be
compared to the exceptionally tight, > 99% correlation between the ComD QS receptor and CSP signal alsoin S.
pneurmoniae (35). There are at least two explanations for this difference. First, we do not know if different BIpH
variants are functionally distinct; all blpH alleles could, in principle, be most responsive to their co-occurring BIpC.
This seems unlikely, given the high frequency (up to 45 signal:receptor pairs) of bipH clade / BIpC mismatches (Fig. 3).
Second, weaker selection for a highly auto-inducing blp QS could explain the difference between the blp and com QS
systems. After arecombination event that results in a sub-optimal BlpH/ BIpC pair for auto-induction, the BlpC signa
may still be able to activate the co-occurring BlpH variant through crosstalk, albeit at a higher concentration of BIpC
(Fig. 4C). While auto-induction may be decreased, such a genotype would gain an eavesdropping receptor that can
potentially detect signals of surrounding genotypes. For comparison, there is no eavesdropping between CSP
pherotypesin the com QS system, and very rare signal/receptor mismatches (34,35).

These signal/receptor mismatches can result in two outcomes for cell-to-cell communication. First, thiscan
result in cells that are unable to detect the signal that they produce, rendering them unable to auto-induce. The lack of
QS activation in strains producing the Delta signal (Hermans-33; Fig. 4) seemingly fits into this description; however,

interegtingly, thisis not caused by signal / receptor mismatch because there is perfect concordance between the Delta
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319  signa and the Delta blpH clade, and no tested signal activated strains with Delta blpH. Instead, all 143 strains carrying
320  the Deltasignal have a frameshift in blpR, which suggests functional deterioration of the QS system in these strains,
321  whichhasnot yet led to deterioration of blpH and blpC. These Delta BIpC strains are not smply ‘cheater’ cells, asthey
322  potentially continue to pay the cost of synthesizing BlpC if the blpC gene is actively transcribed. This suggests there
323  may be weakened selection for functional blp QS.

324 The second outcome of signal/receptor mismatches for cell-to-cell communication is crosstalk and

325 eavesdropping. We have ample evidence for crosstalk in the blp QS system, as all signal peptides except for the Alpha
326  signal activated QS receptors in genotypes that produce other QS signals (Fig. 4B, Fig. 4C). Similarly, BlpH receptors
327 (asde from the Alpha clade) were eavesdropping QS receptors able to detect more than one QS peptide signal (Fig. 4B,
328  Fig. 4C). Each of the receptors we tested (except for the signal-blind BIpH Delta clade) was maximally induced with a
329  singleset of related signals and decreased to 0-71% with signals that the receptors were eavesdropping upon (Fig 4B).
330  Thissuggedtsthat there are no ‘ generalist’ receptorsthat are able to listen to multiple signals with equal affinity.

331  Crosstalk was observed in previous research on the blp system (37; see asterisksin Fig. 4C and Table 1 alternative
332  signal names), and results from this study indicated that blpH alleles with more crosstalk were less sensitive to BlpC
333  (36). However, the results reported here show that receptors from strains PMEN-2, Hermans-1012, and PMEN-14 were
334 all highly sensitive to their complementary signal (<1.0 ng/ml) despite showing extensive crosstalk (Fig. 4C), thereby
335 suggesting that the trade-off between crosstalk and sensitivity of blpH allelesis not a general phenomenon.

336 What are the potential consequences of crosstalk and eavesdropping? The result of crosstalk could be to

337 manipulate other, non-clonal, strainsinto inducing their QS system at lower densities, thereby causing competing

338  strainsto secrete bacteriocins and induced immunity proteins earlier. At present, it is unclear how such crosstalk would
339 be beneficial to cells producing cross-reactive signals, unless premature production of bacteriocins or immunity

340 introduces energetic or other coststo cells responding at sub-quorum densities. Similar benefits are thought to exist for
341 other bacterial public goods (8,39). By contrast, it is easier to envision the potential benefits of eavesdropping, which
342 can both lead to earlier activation of bacteriocins (although this may also have attendant costs) and earlier induction of
343 cross-reactive immunity. Importantly, our simulations suggest that this could be beneficial even if the affinity of

344 promiscuous receptors is only 10% of the affinity for their cognate signal (Fig. 6). This value falls within the range of
345 responses we measured experimentally (Fig. 4C). Thislevel of responsivenessis also sufficient to induce the blp operon
346 among adjacent colonies secreting peptides at endogenous levels (Fig. 5).

347 How does this amount of crosstalk specifically affect bacteriocin-mediated competition between S. pneumoniae
348  strains? Three factors make it difficult to answer this question conclusively. First, the extensive variation in the kinase
349 domain of BlpH, the response regulator BIpR, and the leader sequences of the blp bacteriocins (27) prevent a full

350 understanding how signal concentrations trandate into increased concentrations of exported bacteriocins. A systematic
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351 approach to investigate each of these molecules and their variants in the |aboratory will be required to address this
352  question. Thisincludesinvestigating the role of bacteriocin immunity, which could drive additional, immunity-based
353 effects from crosstalk and eavesdropping. Second, a bioinformatics approach to examine evidence of selection in
354 coordination with the BIpH receptor or BlpC signal is not possible due to the inability to align the entire blp operon and
355  because recombination breaks up potential associations that are otherwise selected for. Third, the effects of crosstalk
356 and eavesdropping will also depend on the activation of the com QS system, which promotes the expression and export
357 of blpC at alow level (Fig. 1), even when the ABC-trangporter genes blpAB are disrupted by early termination
358  mutations (31,33). For example, we found that both wildtype strains D39 and PMEN-14 could activate blp expression
359  inneighboring colonies (Fig. 5) despite having disrupted blpA (for PMEN-14) or disrupted blpA and blpB (for D39).
360 Signaling interactions in vitro can lead to complex ecological outcomesthat may strongly influence competitive
361  interactions between strains. As yet, however, it is unclear how these interactions will play out in the complex within-
362 host environment of the human nasopharynx. In addition, it remains unclear how these interactions directly influence
363  bacteriocin-mediated killing and immunity. Clearly, the heterogeneous conditionsin vivo differ markedly between
364 liquid cultures or even agar surfaces. Diffusion is more limited, while population densities may be strongly constrained
365 overall and spatially. These factors, among others, may alter the level and dispersion of signal peptides as well asthe
366 sendtivity of individual strains to these signals. It will remain an important aim for future work to elucidate the
367 influence of these real-world factors. More generally, our results reinforce theimportance of social interactions among
368 bacteria for mediating competitive dynamics. Many ecologically relevant bacterial traits are regulated by QS, and many
369  of these systems, especially in Gram-positive peptide signaling systems, are polymorphic. While some of these systems
370 (e.g. pneumococcal competence regulated by the com QS system) have only few signal types and show no cross-
371 reactivity, many others signal are polymorphic with substantial cross-reactivity (e.g. Agrin S. aureus (17) and ComX in
372 B. subtilis (40)). It remains to be investigated which of these polymorphic QS signals have ecological effects and which
373 factors (such as co-colonization or extensive intraspecific competition) result in the evolution of crosstalk and
374  eavesdropping.
375

376 Materials and M ethods

377  Genomic data

378 Weused S. pneumoniae genomes from eight publicly available sets, six of which contain strains that were

379 randomly sampled from either cases of disease or asymptomatic carriage: 3,017 genomes from refugeesin Maela,

380 Thailand (41); 616 genomes from Massachusetts carriage strains (42); 295 genomes from GenBank, which include 121
381  genomesfrom Atlanta, Georgia, The United States (43); 142 genomes from Rotterdam, the Netherlands (Hermans data

382  set) (27,44); and 26 PMEN (Pneumococcal Molecular Epidemiology Network) genomes (27,45). The PMEN-1 (46) and


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/087247; this version posted June 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.
383  Clonal Complex 3 (47) data sets, containing 240 and 82 genomes, respectively, were a result of targeted sampling for
384  specific clonal complexes of S. pneumoniae; as such, these strains were excluded from analyses that assumed random
385  sampling. In each of these genomes, we located the blpC and blpH alleles using a DNA reciprocal BLAST search as
386  previous described (27). Genome assemblies were deposited in the European Nucleotide Archive with sample-1Ds
387  ERS852964 — ERS853134.
388
389  Phylogenetic Analysis
390 We examined if the rates of transition in changing BIpC signals were independent from the rates of transition
391 between bacteriocin groups along the whole-genome phylogeny from (27). We did so by measuring the likelihood
392  while estimating both independent and dependent transitions using BayesTraits (48) for each signal and bacteriocin

393  group separately. We used a log ratio test to measure P-values from the likelihoods.

394 To infer the evolutionary history of blpC, we aligned the 37 alleles of bIpC from all genomes, removed
395 nucleotide sites caused by insertion mutations in single alleles, and reconstructed the phylogeny using Geneious 7.1.9

396  (49) and MrBayes 3.2.2 (49-51) with an HKY +y nucleotide substitution mode! as determined by jModel Test 2.1.7 (52).

397 Because blpH contained evidence of recombination, we modified our approach to infer its evolutionary history.
398  We focused on the receptor domain of blpH (residues 1-229) aligned the unique 163 blpH alleles using Geneious 7.1.9
399 (49). We then used Gubbins 1.4.2 (53) to detect and place recombination events onto a phylogenetic tree. To reconstruct
400 the phylogeny while measuring the confidence for each clade, we used the filtered polymorphic sites from Gubbins,
401  which replaced recombination fragments with N's, asinput for MrBayes 3.2.2 (49-51) using a GTR+y nucleotide

402  substitution model as determined by jModel Test 2.1.7 (52).
403
404  Sequence Analysis

405 We measured the nucleotide diversity and dy / ds ratio of blpH, blpC, as well as the seven housekeeping genes
406  usedfor MLST analysis (aroE, ddIA, gdhA, gikA, lepB, recP, and xpt) using DNAsp 5.10.01 (54). We separated blpH

407 after nucleotide 687 (residue 229) to measure these values for the receptor and kinase domains separately (36).

408 We extracted the region 1500 bp before blpT to 100bp after blpB from the 4,096 randomly sampled genomes
409 from a previous alignment with R6_uid57859 (35), which included sequences with interrupted BlpA and BlpB genes
410 (11). We measured nucleotide entropy (measured as Shannon entropy by site) and recombination breakpoints

411 (measured from previously calculated data from GeneConv 1.81a (35,55) for these sequences. Using only pairwise

412 recombination breakpoints with unique start and stop positions prevented overestimating signs of recombination events
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413  caused by the common descent of strains.

414 Mutual information was calculated using a custom Python script. For each signal, we grouped signalsinto
415 signal groups, such as Alpha:Bravo:Kilo or Golf:Hotel. We grouped amino acids as either acidic, aiphatic, aromatic,
416 basic, cyclic, or hydroxyl residues. We then normalized mutual information to correct for the entropy of signals and of

417  amino acids at each site.
418 Transmembrane domains in BlpH were predicted using TOPCONS 2.0 (56).

419

420  Bacterial strainsand growth conditions

421 S. pneumoniae strains were grown as liquid culturesin C+Y medium (57) at 37°C and transformed as described
422 previously (31). For selection, S. pneumoniae was plated on Columbia agar plates supplemented with 2% defibrinated
423 sheep blood (Johnny Rottier, Kloosterzande, Netherlands) and 1 pg/ml tetracycline, 100 pg/ml spectinomycin or 0.25
424 pg/ml erythromycin, when appropriate. E. coli was grown in LB medium with shaking at 37°C or plated on LA

425 containing 100 pg/ml ampicillin.

426

427  Strain construction

428 Strains and plasmids used in this study are listed in Table S3.

429

430 Constructs for expression of blpSRH from different strains in S. pneumoniae D39.

431 The bIpSRH genes, including the congtitutive blpS-promoter (31), was amplified from the genome of S.

432  pneumoniae strains D39, PMEN-18 and Hermans-1012 using primers blpS-F-Clal-Sphl and blpH-R-Hermans-1012-
433 Notl-Spel, from PMEN-2, using primers blpS-up-F-PMEN2-Sphl and blpS-down-R-PMEN2-Spel-Notl from PMEN14
434  with primers BIpS-PMEN14-F-Sphl and BlpH-R-Hermans-1012-Notl-Spel and from Hermans-33 with primers blpS-F-
435  Clal-Sphl and blpH-Hermans33/35-R-Notl-Spel. The PCR products were digested with Sphl and Notl and ligated into
436  thecorresponding sites of plasmid pJwWV 25 (between the bgaA homology regions) and transformed into E. coli DH5.
437  Theresulting plasmids were verified by PCR and sequencing. The plasmids were then transformed into S. pneumoniae.
438 Correct integration of the Pyys-blpSRH constructs into the non-essential bgaA-locus was verified by PCR. Primers used

439  for these constructs are listed in Table S4.
440

441 Deletion of blpSRHC.

442 The native blp-regulatory genes (blpS, blpR, blpH, blpC) of S. pneumoniae D39 were deleted by replacement

443  with an erythromycin-resistance cassette as described previoudly (31).
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Reporter constructs

Two different blp promoters were used to monitor blp-expression; Py, controlling expression of the bacteriocin
blpK and Py,r, controlling expression of the functionally uncharacterized gene blpT. The Pypk and Pygr promoters have
previously been shown to be co-regulated (31) and act as reporters for BIpR activation across the tested pneumococcal
strains (as there isalmost no variation in the DNA-binding motif of different BIpR). The reporter constructs Pyp«-luc-
gfp-lacZ and Py r-luc-gfp-lacZ (atripartite reporter cassette) integrated into the non-essential cep-locus of S.

pneumoniae D39, has been described previously (31).

Luciferase assays

Luciferase assays were performed essentially as described before (31,58). Briefly, S. pneumoniae cultures pre-
grown to ODggo 0.4 were diluted 100-fold in C+Y medium (pH 6.8) with 340 pg/ml luciferin. Luc-activity was
measured in 96-well plates at 37°C, and ODgy and luminesencence (as relative luminescence units, RLU) were
recorded every 10 minutes using Tecan Infinite 200 PRO. Synthetic peptides (BIpCs) were purchased from Genscript
(Piscataway, NJ). Different concentrations of BIpCs were added to the culture wells after 100 min or in the beginning of
the experiment, depending on the experiment. The data was plotted as RLU/OD over time to analyze induction of blp

expression.

LacZ assayson agar plates

LacZ assays for testing induction by neighbouring colonies on plates were performed on C+Y agar (pH 8.0)
covered with 40 pl of 40 mg/ml solution X-gal (spread on top of the plates). All strains were pre-grown to ODgg 0.4,
before 2 ul of the wild-type strains (BIpC producers) were spotted and allowed to dry. Then 2 ul of the different
reporter strains were spotted next to the dried spot. The plates were incubated at 37°C over-night.

For induction with synthetic BIpC, C+Y agar plates (pH 7.2) were covered with 40 pl of 40 mg/ml solution X-
gal and 5 pl 1 mg/ml BlpC (spread on top of the plates), and different reporter strains were spotted on top. The plates

were incubated at 37°C over-night.

Stochastic M odel

We built aspatial, stochastic model in which cells are modeled individually and interact in agrid. At each
discrete time point, each cell can divide with probability 80%, which produces an identical offspring in an empty,
randomly chosen adjacent position on the grid. Each cell also secretes one of four signaling molecules, which

accumulate and diffuse in the space around the cell (defined as “diffusion area’). When the amount of signaling


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/087247; this version posted June 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.
476  molecules within the sensitivity area (which is an areawith half the radius of the diffusion area) of a cell reachesa
477 defined threshold, this cell becomes induced and starts producing bacteriocins. A bacteriocin-producing cell can kill up
478  to six neighboring cells depending on their genotype, as explained below. Induced cells, which produce bacteriocins,
479  grow 20% slower than uninduced cells. Every cell has a0.1% probability of death at each time point.
480 We modeled four genotypes, which differ in the signaling molecule and bacteriocins that they produce as well
481 asin the number and identity of signals that they respond to (Table S2). Bacteriocins produced by genotypes 1 and 2
482 specifically could kill genotypes 3 and 4 and vice versa. Signals produced by genotype 1 could induce genotypes 1 and
483 2 and similarly, signals produced by genotype 3 could induce genotypes 3 and 4; we therefore classify genotypes 2 and
484 4 as“eavesdropping genotypes’. Genotypes 1 and 3 can only respond to their own signal, as “signal-faithful genotypes’.
485  All four genotypes have equivalent growth rates, which are only variable depending on if acell isinduced or uninduced.
486 Eavesdropping cells respond to signalsthat they do not produce with certain degrees of affinity. If we consider the
487 affinity of acell to its own signal as 100%, we ranged the affinity to the other signalsin the case of eavesdropping
488  genotypes as 0% - 90% for different simulations.
489 We used aninitial grid of 400 by 400 positions, and we started with 10% of the grid randomly populated with
490 eavesdropping and signal-faithful phenotypes at a range of proportions. As cells grow and interact, the center of the grid
491 remains occupied, while the cell population can expand on the boundaries past the initial 400 by 400 grid. Simulations
492  wererun for until the number of cells reached 110% of initial grid size. We calculated fitness as the difference between
493 relative frequencies of eavesdropping cells at the last time point and at the initial time point, i.e.:
494 (Eavesdropping cells/Total cellS)gina Time point - (Eavesdropping cells/Total cellS) nisia Time point
495
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639 Figure L egends

640 Figure 1. QS eavesdr opping, crosstalk, and regulation. A) Eavesdropping occurs when a QS receptor of acell is
641 activated by a QS signal that the cell does not produce, such as activation of the blue QS receptor by both the cognate
642 blue square signal and non-cognate green triangle signal. Crosstalk occurs when a QS signal activates more than one
643 receptor, such asthe green triangle signal activating both the cognate green QS receptor and the non-cognate blue QS
644 receptor. B) blp QS regulation. External BIpC signal binds to histidine kinase receptor BIpH. This activates regponse
645 regulator BlpR through phosphorylation, which increases transcription of bIpABC, blpT, the blp bacteriocins (including
646 blpK), and immunity genes. Pre-BlpC is processed and transported out of the cell by ABC transporters ComAB and
647 BIpAB. Similarly, QS signal CSP binds to histidine kinase receptor ComD, thereby phosphorylating response regulator
648 ComE, which increases transcription of the blp operon (although to alower amount than BIpR) as well as com-specific
649  genes.

650

651 Figure 2. Bayesan unrooted phylogenetic tree of blpC. Taxa are colored by mature BIpC signal with the signal

652 designation followed by the number of genomes containing the allele. Internal nodes show the posterior probabilities of
653  clades; we collapsed clades with less than 0.75 pogterior probability.

654

655 Figure 3. Bayesan unrooted phylogenetic tree of blpH alleles. The outer ring shows the number of 4,096 genomes with
656 each blpH allele, color-coded by their co-occurring BlIpC signal and on alog scale. The inner ring denotes the bipH
657 clade type, and recombination events within blpH are shown as solid green lines. Mismatches between blpH clade and
658 BIpC signal are indicated by dashed lines. Internal nodes show the posterior probabilities of clades; we collapsed clades
659  with lessthan 90.0% posterior probability.

660
661 Figure 4. A) Proportion of each BlpC signal within genomes containing each blpH clade. The phylograms are

662  simplified versions of Fig. 1 and Fig. 2. B) The relative maximal expression levels of luc following addition of 1 pg/ml
663 of synthesized BIpC signal peptide. The maximum expression level for each reporter strain was set to 1. Raw dataiis
664  found is Supplementary Fig. 8 C) The minimum concentration of synthesized BIpC signal peptide required for luc
665 induction in reporter strains with different BIpH. Asterisks indicate receptor/signal pair blp activation reported in (36).
666 Example of raw datais provided in Supplementary Fig. 9 The Bravo, Kilo, and Hotel signal peptides were not

667  synthesized and are denoted with slashes.

668

669 Figure 5. LacZ induction by neighboring colonies on agar plates. A) The wild-type strains were spotted next to the

670  reporter strains (see box), and induction of blp expression by the wild-type produced BIpC is shown as faint blue
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colonies. The experiment was repeated three times with the same result, and a representative photo of the platesis
shown. B) Summary of the results from B. Squares in white indicate no induction of the reporter strain for colony pairs,

while black and blue indicate induction by complementary and on-complementary BlpCs, respectively.

Figure 6. Average fitness of eavesdropping genotypes that produce bacteriocinsin response to multiple signalsin a
spatially explicit, stochastic model. Simulations were started with five proportions of eavesdropping genotypes mixed
with signal-faithful genotypes, as indicated on the x-axis. Absolute fitness values on the y-axis above 1.0 indicate that
the genotype can increase in frequency in the population. Affinity to other genotypes' signals are a percentage of
affinity to a genotype’s own signal for eavesdropping genotypes. Error bars link the 25% and 75% quantiles for the

final eavesdropping genotypes fitness across 100 simulations.
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681

682
683

Table 1. Predicted blpC mature peptide signalsin 4,096 genomes from six unbiased genome sets

Frequency in Genomes with Reference Genomes Alternative

Signa Signal Group Mature AA Sequence® Unbiased Sets Mature Signal with Mature Signal Name for Signal
Alpha Alpha/Bravo/Kilo  GWWEELLHETILSKFKITKALELPIQL 0.125 D39 D39, R6 R6
Bravo Alpha/Bravo/Kilo  GLWEELLHETILSKFKITKALELPIQL 0.028
Kilo Alpha/Bravo/Kilo  EWWEELLHETILSKFKITKALELPIQL 0.007 OXC141
Charlie Charlie GLWEDILYSLNIIKHNNTKGLHHPIQL 0.291 Hermans-1012, PMEN-14 SPNA45, INV200 6A
Delta Ddta GWWKDLLHRFNVIEQNNTKGFNQPIQL 0.035 Hermans-33 ECC 3510
Echo Echo/Foxtrot GWWEDFLYRFNIIEQKNTKGFHQPIQL 0.087
Foxtrot Echo/Foxtrot GWWEDFLYRFNIIEQKNTKGFYQPIQL 0.125 PMEN-2 P164 P164
Golf Golf/Hotel GLWEDLLYNINRYAHYIT 0.223 PMEN-18 TIGR4, INV104 T4
Hotel Golf/Hotel GLWEDLLYNINRYAHYITQELHHPIQL 0.060
Other, or no'GG' cleavage site 0.009
No blpC 0.011

2 Conserved residues arein bold. Residues that differentiate signals within asignal group are underlined.

9sUa9I| [euoieuIBIUl 0" AN-DN-AG-DD®
Japun a|qejrene apew si 1| ‘Ainadiad ul uudaid ayy Aejdsip 01 asuadl| B AIxHolq pajuelb sey oym ‘1spunyoyine ayl si (mainai 1aad Aq palined
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684  Table2. Nucleotide diversity and dy / dsfor selected genes

685
686
Nucleotide Number ~ Number of Unique
Gene Function Diversity ()  dy/ ds of Sites Sequences

blpC QS Signal 0.124 0.965 126 34
blpH (receptor) Histidine Kinase 0.110 0.377 687 98
blpH (entire) Histidine Kinase 0.090 0.266 1353 161
blpH (kinase) Histidine Kinase 0.069 0.146 666 103
ddlA Housekeeping Gene 0.044 0.064 1041 170
lepB Housekeeping Gene 0.027 0.026 612 90
aroE Housekeeping Gene 0.022 0.146 852 123
glkA Housekeeping Gene 0.022 0.061 975 143
Xpt Housekeeping Gene 0.020 0.083 579 111
gdhA Housekeeping Gene 0.015 0.085 1485 185
recP Housekeeping Gene 0.011 0.091 1974 231

687
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688

689
690

Table S1. Predicted blpC mature peptide signals and their frequenciesin each data set

Signal
Charlie
Golf
Alpha
Foxtrot
Echo
Hotel
Delta
Bravo
Kilo
Other, or no 'GG'
cleavage site

No blpC

Total Strains

Unbiased Sets

All Unbiased Mass. Georgia

Sets Meaela Asymptomaic GenBank Hermans GenBank PMEN Complex3 PMEN-1
0.291 0302 0.235 0.282 0.289 0.314 0.308
0.223 0.185 0420 0.190 0.197 0.256 0.154
0.125 0100 0.175 0.184 0.275 0.215 0.308
0.125 0.130 0.091 0.195 0.092 0.099 0.192
0.087 0.099 0.039 0.069 0.092 0.041 0.038
0.060 0.081
0.035 0.042 0.016 0.011 0.028
0.028 0.038
0.007 0.002 0.018 0.052 0.007 0.017
0.012 0.002 0.021 0.050
0.011 0.010 0.003 0.017 0.008
3017 616 174 142 121 26 82

0.024 0.004
0.938

0.976

0.058

240
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691
692  Table S2. Properties of genotypes in the stochastic model.

Bacteriocin  Susceptibleto  Signal Receptor Sensitive

Genotype Classification Produced  Bacteriocin  produced to Signals
1 Faithful-signaling 1 2 1 1
2 Eavesdropping 1 2 2 12
3 Faithful-signaling 2 1 3 3
4 Eavesdropping 2 1 4 34

693
694
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695  Table S3. Strains and plasmids used.

696
Strain/ Plasmid Characteristics References
S pneumoniae strain
D39 Serotype 2 strain, disrupted blpA and blpB. a
PMEN-2 Serotype 6E strain, intact blpA and blpB be
PMEN-14 Serotype 19F strain, disrupted blpA, intact blpB be
PMEN-18 Serotype 14 strain, disrupted blpA, intact blpB be
Hermans-33 Intact blpA and blpB cd
Hermans-1012 Disrupted blpA and blpB cd
FB141 D39, Acep:: (Pypr-LGZ, $9¢7), AblpSRHC: :ery? €
FB149 D39, Acep:: (Pyp-LGZ, $pc7), 4bIpSRHC: :ery? e
K-D39 D39, cep:: (Pypk-LGZ, 5p¢7), AbIpSRHC: :ery?, /bgaA::Pype-blpSRHP* This study
K-PMEN-14 D39, Acep:: (Puipk-LGZ, pc¥), AblpSRHC: : eryF, AbgaA::Py pe-blpSRHMEN14 This study
K-PMEN18 D39, Acep:: (Pyp-LGZ, spc%), AbIpSRHC: :ery?, AbgaA::Pye-blpSRHPMEN18 This study
K-Hermans-33 D39, Acep:: (Pypk-LGZ, spc7), AbIpSRHC:: eryR, AbgaA::Pype-blpSRHHemans-33 This study
K-Hermans-1012 D39, Acep:: (Pypk-LGZ, $pc7), AbIpSRHC: : eryR, AbgaA::Pyps-blpSRHT™=102 This gudy
K-PMEN-2 D39, Acep:: (Pyp-LGZ, pc7), AbIpSRHC: :ery?, AbgaA::Py ps bl pSRHMEN? This study
T-D39 D39, Acep:: (Pypr-LGZ, pcf), A4blpSRHC: :eryF, AbgaA::Pys-blpSRHP This study
T-PMEN-2 D39, Acep:: (Pypr-LGZ, 5p¢7), AblpSRHC::eryF, AbgaA::Pys-bl pPSRH™MEN2 This study
T-Hermans-1012 D39, Acep:: (PuprLGZ, $p¢7), AbIpSRHC: :eryF, AbgaA::Py,s-blpSRH™1012 - This gudy
T-PMEN-18 D39, Acep:: (Pypr-LGZ, ), AblpSRHC: :eryR, AbgaA::Pyjs-bl pSRH™MEN18 This study
T-PMEN-14 D39, Acep:: (Pypr-LGZ, %), AblpSRHC: :eryF, AbgaA::Pyps-blpSRH™MEN14 This study
T-Hermans-33 D39, cep:: (Pypr-LGZ, %), AblpSRHC: :eryR, AbgaA::Py,s-blpSRHME ™33 This study
Plasmid
PPEP1-Py,r-LGZ cant’, cep’, spc*-Pyr-luc-gfp-lacZ, cep e
PPEPL-Py-LGZ cam':, (t:zp’ , qoc”-RPb. pr-ILkI)C-gfp-IacZ,‘ cep fe
pIWV25 amp’, bgaA’, tet™‘gfp,'bgaA
pIWV 25-bIpP° ampR, bgaA', tetR-Py < bIpSRHP®,‘bgaA This study
pIWV 25-plpPMEN-2 ampR, bgaA', tet™-Py s blpSRH™EN2 ‘bgaA This study
PIWV 25-blpHe™ =102 ampR hgaA', tet™-Pyps bl pSRHM ™S 1012 hga p This study
pIWV25-bIpHe ™3 ampR bgady, tet™PypsblpSRHM ™3  hgaa This study
pIWV 25-p|pPMEN-14 amp®, bgaAy, tet™-Py bl pSRHMENY ‘hgaa This study
pIWV 25-p|pPMEN-18 amp®, bgaA, tet?-Pyps bl pSRHPMENIE  hgaA This study
697
698 @ Avery OT, Macleod CM, McCarty M. Studies on the chemical nature of the substance inducing transformation of
699 pneumococcal types: induction of transformation by a deoxyribonucleic acid fraction isolated from
700 pneumococcus type 111. J Exp Med. 1944;79: 137-158.
701  "McGeel, McDougal L, Zhou J, Spratt BG, Tenover FC, George R, Hakenbeck R, Hryniewicz W, Lefévre JC,
702 Tomasz A, et al. 2001. Nomenclature of major antimicrobial-resistant clones of Streptococcus pneumoniae
703 defined by the pneumococcal molecular epidemiology network. J. Clin. Microbiol. 39:2565-2571.
704  °Miller EL, Abrudan MI, Roberts IS, Rozen DE. Diverse ecological strategies are encoded by Streptococcus
705 pneumoniae bacteriocin-like peptides. Genome Biol Evol. 2016;8(4):1072-90.
706  “Bogaert D, Engelen MN, Timmers-Reker AJM, Elzenaar KP, Peerbooms PGH, Coutinho RA, et al. Pneumococcal
707 carriage in children in the Netherlands: A molecular epidemiological study. J Clin Microbial.
708 2001;39(9):3316-20.
709 ¢KjosM, Miller E, Slager J, Lake FB, Gericke O, Roberts|S, et al. Expression of Streptococcus pneumoniae
710 bacteriocinsisinduced by antibiotics viaregulatory interplay with the competence system. PLOS Pathog.
711 2016;12(2):€1005422.
712 " Eberhardt, Wu, Errington, Vollmer, Veening. Cellular localization of choline-utilization proteinsin Streptococcus
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Table SA. Primer sequences used in this study.

Primer name Sequence (5" — 3')
blpS-F-Clal-Sphl TCTGGTACCGCATGCGTCTTACTTCTGGCAACTGTG
blpH-R-NotI-Spel TATGCGGCCGCTCCACTAGTTATCATTCTGCATGTATCACAGT

blpS-up-F-PMEN2-Sphl
blpS-down-R-PM EN2-Spel-Notl
blpS-PMEN14-F-Sphli
blpH-Hermans33/35-R-Notl-Spel

ATGCGCATGCTGTTTTGATACTGTCAGTCTATC
ACGTGCGGCCGCACTAGTAAGAGAACGCACTCTCGGTC
ATGCGCATGCGCTAAGGCAAGGATTCTGGATGG
TATGCGGCCGCTCCACTAGTCATCATTCTGTATGTATCATAGT
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720 Figure S1. Phylogenetic relationship of 4,096 randomly sampled S. pneunoniae strains alongside 322 biased sampled
721 genomes, from (35). The data set for each strain isin the inner ring, while the BIpC signal is in the outer ring, whichis
722  coloredasin Fig. 2 and Fig. 3.

723

724 Figure S2. Rarefaction of non-singleton amino acid variants from randomly sampled genomes. Error bars show one
725 standard deviation across 10,000 bootstraps. Variants occurring in only one genome out of the 4,096 randomly sampled
726  genomeswere excluded.

727

728 Figure S3. Diversity and recombination in the blp regulatory region. Nucleotide diversity, as measured by Shannon
729 entropy, and the number of unique recombination breakpoints are shown for A) the blp regulatory region and B) for the
730 blpH-blpC region, both using a diding window of 30 bp. Red lines indicate the start and end of genes; blue regions
731 indicate predicted transmembrane domains for BIpH. BlpH and BlIpC in the bottom panel are shaded grey with the

732 proportion of genomes containing each gene segment.

733

734 Figure $4. Relative maximal expression level from Pyr (as measured by RLU/OD) following addition of 1 pg/ml

735 BIpC. The relative maximal expression levels of luc in a Pygr-reporter strain following addition of 1 ug/ml of

736  synthesized BlpC signal peptide. The maximum expression level for each reporter strain was set to 1.

737

738 Figure S5. LacZ induction on agar plates by exogenous BIpC. A) LacZ induction from exogenous BIpC of LacZ

739 reporter strains derived from S. pneumoniae D39 and containing the Py«-lacZ reporter along with a construct

740 constitutively expressing the blpSRH genes from different strains (Pyps-blpSRH). B) Summary of the results presented
741  inA).

742

743 Figure S6. Mutual information between the BIpH receptor and the BIpC signal. For each of the five signal groups, we
744  calculated the mutual information of the signal (focal signal vs. non-focal signal) and each BIpH receptor residue (using
745 amino acid chemical class) that co-occurred in each of the 4,096 genomes. Shaded blue regions indicate predicted

746  transmembrane domains, and shaded red regionsindicate predicted residues outside of the cell. The bottom panel shows
747  thetotal entropy of each residue, again using amino acid class.

748 We found several signal/residue combinations with mutual information at least 0.3 and at least twice as high as

749  other signals for the same residue within the BlpH receptor: Alpha/Bravo/Kilo and residues 10, 13, 42, 49, 51, 57, 58,
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750 64,115,117, 118, 120-122, 126, 128, 131, 132, 135, 148, 153, 182, 223; Delta and residue 9; Echo/Foxtrot and residues
751 14,17, 79, 152, 157, 178; Golf/Hotel and residues 187 and 191. However, no single amino acid site within the BIpH
752 receptor can predict which signal co-occurs with 100% accuracy; the highest mutual information between receptor
753 residues and signals are residues 152 and 178 with the Echo/Foxtrot signal (mutual information of 0.673 and 0.675,
754  respectively).

755

756 Figure S7. Mutual information between the BIpH kinase and the BIpC signal. For each of the five signal groups, we
757 calculated the mutual information of the signal (focal signal vs. non-focal signal) and each BlpH kinase residue (using
758 amino acid chemical class) across 4,096 genomes. The bottom panel shows the total entropy of each residue, again
759  using amino acid class.

760 Higher mutual information was present between BlpH kinase residues and signals compared to the BlpH

761 receptor and sgnal (Supplementary Fig. 6), which was unexpected, as the signal is not predicted to interact with the
762 kinase. However, this region is more physically linked to the BlpC signal than the BlpH receptor, which would allow
763 recombination to co-transfer both the signal and kinase in a single event.

764

765 Figure S8. Raw data for Figure 1B. Reporter strains Py «-luc containing BIpSRH from different strains (as indicated
766  abovethe plots) were grown in C+Y in amicrotiter plate reader. Synthetic BIpC (final concentration 1ug/ml) was added
767 after 100 minutes and expression of luciferase was followed, and is given as relative luminescence units per OD

768  (RLU/OD).

769

770 Figure S9. Example of raw data for Figure 1C. Reporter strain Pyk-Iuc containing BIpSRH from D39 was grow in
771  C+Y medium containing different concentrations of BIpC*'"™. Reporter expression, given as RLU/OD, was followed.

772  Theminimal concentration of BIpC”®**to induce luc expression in this case was 3.9 ng/ml.


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

A Em C/IS signals —v J 4
[ QS receptors
[} - \V/

<]\
g

| Receptor GenelH Signal Gene|

_V_/
blp bacteriocin
and immunity geney



https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

789

&

L usyo

Y

Bravo: 91

Other: 5

77.2

Other: 1

Bra Vvo: 23

83.1

991

Otlye " 7

ove®

N
.. o~
%/ IS
Q N
&
S
< N
o
. 420
o\
ﬂou&
962
Foxtrot: 29
F ox#om.. 1
‘ A~ o
g %
2>
[
23 &,
S
%,

Q

QwSO

. @x@Q


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

PMEN-2

PMEN-18

Foxtrot None

421,
5 8 Hermans-1012 Alpha Golf
32 JEJ 9 Bravo Hotel
428 l l Charlie Kilo
1 5 Delta No Cut Signal
o L]
.. [ Echo Other

Hermans-33


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

bipH

i

Proportion Signal in Clade

BlpH

Relative maximal expression level

.

1.00

BlpH

H

0.5

0.50

Minimum concentration
for induction (ng/ml)

4.0
315
250

0.00

———FEcho / Foxtrot Clade
bioRxiv preprint doi: https://doi.org/10.11!
dertified by peer review) is the auth

Delta Clade

Alpha / Bravo / Kilo Clade

D39

Echo / Foxtrot Clade

PMEN-2

Delta Clade
Hermans-33

Hermans-1012

PMEN-14

PMEN-18

0.00

Alpha / Bravo / Kilo Clade

D39

Echo / Foxtrot Clade

PMEN-2

Delta Clade
Hermans-33

Hermans-1012

PMEN-14

PMEN-18

None

Alpha / Bravo / Kilo Clade .

Genomes with
Mismatched
Receptors:Signals

— Kilo

L— Delta

{ Hotel

BIpC

13.4%
) _ ) 10.0%. ) )
1/087247; this yersion ne 4, 2017. The copyright holder for this preprint (whic
et t5 who-Has gran edbio ;op:ay the prep Rt 15} .petuity. It is made avai
gCC-BY{NC-ND {4.0 Inte! license|
0.0%
13.8%
25.0%
) < _
5 5 3 2
o < s Q T
bipC
0.00 | 0.00 | 0.00
0.00 0.19 | 0.03 | 0.00
0.00 0.00 | 0.00 | 0.00
0.00 0.10
0.00 0.00
0.00 0.00 | 0.00 | 0.00
° ° _
5 o £ 3 2
m < e =) T
BlpC
>1000 | >1000 | >1000 | >1000 | >1000
>1000 0.5 250.0 | >1000
>1000 >1000 | >1000 | >1000 | >1000 | >1000
>1000
>1000
>1000 >1000 [HEHG
° S
& 5
o e


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

lacZ
reporter
strain

\
o

Producer
wild-type
strain

lacZ Reporter Strain

lacZ Reporter Strain

Hermans-33

a
D39
PMEN-2
PMEN-14
PMEN-18

Hermans-1012

Alpha / Bravo / Kilo Clade

Echo / Foxtrot Clade

Delta Clade

Golf / Hotel Clade

Induced by neighbor that
secretes complementary BlpC

Induced by neighbor that
secretes non-complementary BIpC

Not induced

D

PMEN-2

D39

PMEN-2

Hermans-33

Hermans-1012

PMEN-14

PMEN-18

Producer wild-type strain

Hermans-33
Hermans-1012
PMEN-14
PMEN-18

D39

Alpha

PMEN-2
Hermans-33
Hermans-1012
PMEN-14
PMEN-18

Foxtrot
Delta
Golf

BlpC-producing Wild Type



https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fitness of Eavesdropping Genotypes

0.9

Affinity to

Non-Cognate Signal

0%
10%

30%
50%
70%

\ 90%

1%

25% 50% 75%
Initial Proportion Eavesdropping Genotypes

99%


https://doi.org/10.1101/087247
http://creativecommons.org/licenses/by-nc-nd/4.0/

