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 2 

Abstract  19 

Phenotypic variation is the phenomenon in which clonal cells display different traits even under 20 

identical environmental conditions. This plasticity is thought to be important for processes 21 

including bacterial virulence1–8, but direct evidence for its relevance is often lacking. For instance, 22 

variation in capsule production in the human pathogen Streptococcus pneumoniae has been linked 23 

to different clinical outcomes9–14, but the exact relationship between variation and pathogenesis 24 

is not well understood due to complex natural regulation15–20. In this study, we used synthetic 25 

oscillatory gene regulatory networks (GRNs) based on CRISPR interference together with live 26 

cell microscopy and cell tracking within microfluidics devices to mimic and test the biological 27 

function of bacterial phenotypic variation. We provide a universally applicable approach for 28 

engineering intricate GRNs using only two components: dCas9 and extended sgRNAs (ext-29 

sgRNAs). Our findings demonstrate that variation in capsule production is beneficial for 30 

pneumococcal fitness in traits associated with pathogenesis providing conclusive evidence for this 31 

longstanding question.  32 

 33 

Introduction 34 

Phenotypic variation, in which clonal cells display strikingly different phenotypes even under identical 35 

environmental conditions, plays a role in many bacterial bet-hedging and division-of-labor 36 

strategies1,4,21,22. Single cell technologies have revealed heterogeneity in gene expression within clonal 37 

bacterial populations, but direct evidence for the functional significance of this variation is limited. One 38 

of the best understood examples linking phenotypic variation to benefits during virulence is bistable 39 

expression of the Salmonella pathogenicity island 1 (SPI-1)23–26. Noise in gene expression creates 40 

subpopulations of genetically identical bacteria that differ in their level of virulence27. The slower-41 

growing, SPI-1-expressing subpopulation is less susceptible to antibiotics and invades the host, 42 

benefiting the non-virulent subpopulation23,25,28. 43 

The exopolysaccharide capsule is the main virulence factor of S. pneumoniae29, also known as 44 

the pneumococcus. This bacterium is responsible for over 500,000 deaths per year30. Interestingly, 45 

.CC-BY 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted June 3, 2023. ; https://doi.org/10.1101/2023.06.03.543575doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.03.543575
http://creativecommons.org/licenses/by/4.0/


 

 3 

capsule production displays reversible ON/OFF switching in many clinical strains, leading to opaque 46 

(O) and transparent (T) colony variants11,12,14.  The O variant (encapsulated) is more virulent in systemic 47 

infection, while the T variant (unencapsulated) is a better colonizer12,31. Capsule levels depends on phase 48 

variation of the DNA methylomes through inversions of three homologous methyltransferases9,32. 49 

Different variants of the methyltransferase methylate different DNA recognition sequences causing 50 

global changes in gene expression, including capsule expression9,32. In addition to phase variation, 51 

capsule production and capsule shedding is highly regulated and several transcription factors directly 52 

bind and control transcription of the capsule operon (cps)16,18,20,33–35. Promoter swap studies suggest that 53 

this controlled and dynamic regulation of cps fine-tunes capsule levels during infection19,36. Indeed, S. 54 

pneumoniae reduces its capsule during adherence to epithelial cells while increases capsule production 55 

during systemic infection to prevent phagocytotic killing37,38. Together, it is generally assumed a suite 56 

of environmental and internal signals lead to temporal heterogeneity in capsule expression. However, 57 

direct evidence for the hypothesis that phenotypic variation in capsule production is advantageous for 58 

the pneumococcal lifestyle is missing.  59 

One approach to understanding natural systems is the use of synthetic biology39–43. To test the 60 

hypothesis that phenotypic variation in capsule production is important for the pneumococcal lifestyle, 61 

we used synthetic GRNs based on CRISPR interference (CRISPRi) to uncouple capsule production in 62 

S. pneumoniae serotype 2 strain D39V from its native regulation. CRISPRi uses a dead Cas9 enzyme 63 

(dCas9) and an sgRNA to silence genes by blocking transcription44,45. CRISPRi circuits, in contrast to 64 

transcription factor-based synthetic GRNs, impose a low burden on host cells due to the use of short 65 

orthogonal sgRNA sequences46. CRISPRi was recently used to build synthetic oscillators in E. coli47–66 

49.  67 

Here, we engineered a three-node CRISPRi-based ring oscillator stably encoded on the 68 

pneumococcal genome that displays robust oscillations. By rewiring pneumococcal capsule production 69 

to the synthetic GRNs, we demonstrate that temporal variation in capsule production is beneficial for 70 

fitness during murine colonization, answering the long-standing question that capsule heterogeneity is 71 

important for pathogenesis. Our results demonstrate the potential of engineered GRNs to mimic and 72 

test the biological functions of natural phenotypic variable systems in vivo.  73 
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Extended sgRNAs to direct dCas9  74 

The first aim of this study was to replace the natural complex heterogenous regulation of pneumococcal 75 

capsule production by dynamic synthetic GRNs in which we can control the levels of phenotypic 76 

variation. A well-known dynamic GRN is the so called ‘repressilator’ in which three orthogonal 77 

transcription factors repress each other to generate periodic expression of green fluorescent protein50. 78 

Recent CRISPRi versions of such a three-node ring circuit in the synthetic biology workhorse E. coli 79 

showed robust oscillations with periods of multiple hours,  much slower than the cell division cycle47–80 

49. Since it takes several generations to produce and lose the capsule in S. pneumoniae51, the timescales 81 

involved in the repressilator circuit would be well suited to dynamically switch between capsule ON 82 

and OFF phenotypes. We have previously successfully used CRISPRi to control gene expression in S. 83 

pneumoniae and design multistable and dynamic circuits in E. coli47,52,53. For the E. coli circuit that was 84 

named the ‘CRISPRlator’, the Csy4 RNase of Pseudomonas aeruginosa, also known as Cas6f, was 85 

used to cut sgRNAs from the multigene mRNA47. This allowed to have a modular setup with putting 86 

binding sites of well-characterized sgRNAs downstream of a promoter. However, our attempts at 87 

expressing Csy4 in S. pneumoniae failed, probably due to toxicity. Therefore, we considered a different 88 

strategy that would allow us the same flexibility without using Csy4 (Fig. 1a): the use of extended 89 

sgRNAs (ext-sgRNAs) cassettes that encode a dCas9 binding site upstream of the sgRNA spacer 90 

sequence. Thus, DNA sequences encoding ext-sgRNAs can be repressed via CRISPRi but can also be 91 

transcribed as ext-sgRNA and bind to dCas9 to repress another ext-sgRNA cassette. Ext-sgRNAs 92 

containing a 24bps extension sequence at their 5’ end were cloned with a spacer sequence targeting the 93 

firefly luciferase gene, luc (Extended Fig. 1a). The extended sequence contains the transcription start 94 

site (+1) from a strong constitutive promoter (P3)54 as well as a protospacer adjacent motif (PAM) 95 

followed by a unique orthogonal 20 bps binding site sequence (BS) not present in the S. pneumoniae 96 

genome55. Out of the six tested ext-sgRNAs, four were still fully functional in repressing luc 97 

transcription upon dCas9 induction (Extended Fig. 1b). This provided proof of principle that certain 98 

ext-sgRNAs retain the capacity to direct dCas9 to targets encoded within the spacer region.  99 

 100 
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 101 

Extended Fig. 1. Design and testing of extended sgRNAs in S. pneumoniae. (a) Normal CRISPRi uses a sgRNA 102 

that contains a 19 or 20 nt long spacer sequence that binds to a complementary DNA target sequence if this 103 

sequence also contains a PAM (top). Extended sgRNA’s (ext-sgRNAs) have a 24nt extension at their 5’ end that 104 

includes the +1, a PAM and the orthogonal binding site (BS). In the shown example, the spacer sequence is 19nt 105 

long targeting the luc gene encoding firefly luciferase (top) while the spacer sequence targeting ext-sgRNAs are 106 

20 nts long (bottom). (b) S. pneumoniae strains harboring constitutively expressed luc and an IPTG-inducible 107 

dcas9 together with a constitutively expressed ext-sgRNA were grown in C+Y medium at 37°C in 96-well plates 108 

and OD595nm and bioluminescence was recorded every 10 min. Averages of three replicates are shown. Relative 109 

light units (RLU) over the optical density (OD) is shown on the Y-axis, time in h on the X-axis. Out of the 6 110 

cloned and tested ext-sgRNAs, 4 showed similar luc repression levels upon dCas9 induction compared to a normal 111 

luc-targeting sgRNA. These are ext-sgRNAs containing BS1, BS2, BS3 and BS6. (c) Schematic overview of the 112 

three used ext-sgRNAs to construct the CRISPRlator and an example of how the used fluorescent reporters were 113 

constructed with a specific BS in their 5’UTR, just downstream of the +1. 114 

 115 

Construction of a three-node ring genetic oscillator in S. pneumoniae 116 

Facilitated by the ability of S. pneumoniae to take up exogenous DNA via competence, we constructed 117 

the ‘CRISPRlator’ strain (strain VL3757) in which ext-sgRNA1 represses transcription of ext-sgRNA2, 118 
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which in its turn represses transcription of ext-sgRNA3 that represses ext-sgRNA1. In addition, we 119 

included three spectrally distinct fluorescent proteins each containing a specific BS recognized by one 120 

of the ext-sgRNAs in their 5’UTRs (Extended Figs. 1c and 2a). All parts were present as single copy, 121 

stably integrated on the pneumococcal chromosome via double crossover at neutral loci (see Methods). 122 

Ext-sgRNA1 represses expression of mScarlet-I and ext-sgRNA2, ext-sgRNA2 represses mTurquoise2 123 

and ext-sgRNA3 represses mNeonGreen and ext-sgRNA1 (Fig. 1b). This GRN is expected to produce 124 

its output in the following order: mScarlet-I (red), mNeonGreen (green) and mTurquoise2 (blue) (Fig. 125 

1b). S. pneumoniae CRISPRlator cells were grown in C+Y medium at 34°C within a microfluidic 126 

device with the mother machine design56, but customized for the pneumococcus (see Methods and 127 

Extended Fig. 2b-c) and observed by time-lapse fluorescence microscopy (Fig. 1c, Movie S1). 128 

Analysis of CRISPRlator cells within such devices exhibited periodic expression of fluorescent proteins 129 

in the expected red-green-blue order (Extended Fig. 2d). To assess whether the observed gene 130 

expression patterns correspond to oscillatory behavior, we analyzed and quantified fluorescence and 131 

cell cycle parameters of thousands of single CRISPRlator cells over 42 ± 21 (median ± standard 132 

deviation) generations to calculate the so-called autocorrelation function that measures the relationship 133 

between the current gene expression and its past values. If the autocorrelation function shows a peak at 134 

regular intervals, this indicates that the signal is oscillating with a periodic behavior. As shown in Fig. 135 

1d, the CRISPRlator demonstrates a regular autocorrelation function, suggestive of robust oscillations 136 

with an average period of 590 ± 210 (median ± standard deviation) min corresponding to 11 ± 1.41 cell 137 

divisions. By tracking individual cells over multiple cell divisions, until they were washed out of the 138 

microfluidic chamber, we could generate lineage trees superimposed by fluorescence signals 139 

highlighting dynamic gene expression of the three fluorescent proteins (Extended Fig. 2e). By 140 

following a single cell, and arbitrarily selecting one of its daughter cells after division for over a period 141 

of 50h, clear cell cycle independent oscillation in the order red->green->blue was evident (Fig. 1e). 142 

Together, these results show that we successfully constructed a genome-encoded CRISPRi-based 143 

oscillator using ext-sgRNAs in S. pneumoniae that shows periodic oscillations similar to previously 144 

reported plasmid-based repressilator circuits in E. coli47–49.  145 

 146 
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 147 

Fig. 1. Design and characterization of a three-node ring oscillator ‘CRISPRlator’ using extended sgRNAs. 148 

(a) Schematic overview of the use of ext-sgRNAs to construct a three-node ring oscillator. Ext-sgRNA1 has a 149 

spacer sequence (sgRNA6) that is complementary to binding site 6 (BS6) of the non-template strand of the DNA 150 

sequence encoding ext-sgRNA2. Ext-sgRNA2 has a spacer (sgRNA3) targeting BS3 present on the DNA 151 

sequence of ext-sgRNA3. Ext-sgRNA3 has a spacer (sgRNA2) targeting BS2 present on the DNA sequence of 152 

ext-sgRNA1. For clarity, only the variable 5’ region of ext-sgRNAs sequences is shown (the dCas9-binding 153 

handle and transcription terminator are not shown). (b) Graphical representation of the three-node ring oscillator 154 

called CRISPRlator. Expression of ext-sgRNA1 represses transcription of the mScarlet-I reporter (red); ext-155 

sgRNA2 represses mTurquoise2 (blue) and ext-sgRNA3 represses mNeonGreen (green). As the ext-sgRNAs also 156 

repress each other’s transcription (a), this GRN is expected to periodically express the three reporters in the order 157 

red->green->blue. (c) Snapshots of a typical microfluidics experiment of the CRISPRlator strain. Scale bar 2 µm. 158 

(d) Autocorrelation function (ACF) of the CRISRlator cells grown in mother machine channels. ACF calculated 159 
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in one mother machine lane for individual cells (thin lines) and averaged (fat line with black outlines) shows 160 

oscillations for all three fluorescent signals. (e) Progression of cell length (left) and progression of normalized 161 

fluorescent signals (right) of one individual mother cell in the mother machine over time. 162 

 163 

 164 

Extended Fig. 2. Characterization of the pneumococcal CRISPRlator. (a) Expression of ext-sgRNA2 represses 165 

transcription of the mTurquoise2 reporter (blue) and ext-sgRNA3; ext-sgRNA3 represses mNeonGreen (green) 166 

and ext-sgRNA1, and ext-sgRNA1 represses mScarlet-I (red) and ext-sgRNA2, leading to oscillatory behavior (~ 167 

symbol). (b) Schematic overview of the here designed and used microfluidics device. The chip, measured from 168 

the outer edge of the inputs/output, is 14.3 x 6.8 mm. Bacteria were injected via the top inlet and C+Y media was 169 
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pumped through the middle inlet at a flow rate of 0.5 ml/h. The bottom left inlet was blocked. The single waste 170 

outlet is shown on the right. Scale bar = 1.43 mm. (c) Zoom in on a mother machine lane within the microfluidic 171 

device. Mother machine channels are 1.7 µm wide, 1.25 µm high and have 3.4 µm wide side channels of 250 nm 172 

height to increase nutrient/waste flow. The main feeding/flow channel is 20 µm high and 60 µm wide. (d) Mean 173 

expression of a total lineage of cells over time in one mother machine lane shows red-green-blue oscillation over 174 

time. (e) Circular lineage tree of the same population shown in (d), where color intensity is the mean fluorescence 175 

intensity of each single cell in the lineage (left-right: mScarletI, mNeonGreen and mTurquoise2). The ancestor 176 

cell is positioned in the middle of each tree. 177 

 178 

CRISPRi-controlled heterogeneity in pneumococcal capsule production 179 

Next, we aimed at rewiring capsule production under the control of the synthetic oscillator. The 180 

pneumococcal cps operon is located between conserved genes dexB and aliA, and all genes required for 181 

capsule synthesis are driven by a primary promoter and a weaker, secondary internal promoter (Fig. 182 

2a)57. To control the cps operon with the CRISPRlator, we replaced the native primary cps promoter 183 

for a constitutive promoter and also inserted BS6-mScarlet-I, which is targeted by ext-sgRNA1 (Fig. 184 

2a). Thus, when cells express mScarlet-I, the cps operon is transcribed and the capsule produced. 185 

Conversely, when ext-sgRNA1 levels are high, capsule production is switched off (Fig. 2b), resulting 186 

in the ‘CAPSUlator’ (strain VL4315). Next, three control strains were constructed: i) a strain lacking 187 

ext-sgRNA3 in which cells always repress cps and mScarlet-I and constitutively express mTurquoise2 188 

and mNeonGreen (strain VL4322 ‘CAPSUlator-OFF’), ii) a strain that oscillates but completely lacks 189 

the cps genes (strain VL4321 ‘CAPSUlator-Δcps’), and iii) a strain lacking the correct BS upstream of 190 

cps and thus constitutively expressing mScarlet-I and the capsule (strain VL4324 ‘CAPSUlator-ON’) 191 

but still oscillating for mTurquoise and mNeonGreen (Fig. 2b).  Immunofluorescence showed that the 192 

CAPSUlator displays phenotypic variation in capsule production that correlated with mScarlet-I 193 

expression, while CAPSUlator-OFF and CAPSUlator-Δcps lacked capsule (Fig. 2b-c and Extended 194 

Fig. 3). As expected, CAPSUlator-ON showed homogeneous capsule and mScarlet-I production, but 195 

heterogenous mTurquoise2 and mNeonGreen expression (Extended Fig. 3). 196 
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 197 

Fig. 2. CAPSUlator design and characterization. (a) Top: capsule operon and genetic context in wild type D39V. 198 

Bottom: CAPSUlator construct placed in four genetic loci on the chromosome. (b) Gene regulatory circuits of the 199 

CAPSUlator and control strains. The ~ symbol indicates that the three-node oscillatory network is intact. The ⊣ 200 

symbol signifies repression and the _/-  symbol indicates the ring-node network is interrupted. (c) The CAPSUlator 201 

shows heterogeneous production of capsule and the three fluorescent proteins. Capsule production correlates with 202 

the production of mScarletI (see also Extended Fig. 3c). (d) Left: snap-shots of a microfluidic time-lapse 203 

microscopy movie of the CAPSUlator. Scale bar 2 µm. Cells producing mScarlet-I produce capsule: the cells 204 
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occupy more space, thereby fitting only one cell in the width of the channel, while cells mainly producing 205 

mNeonGreen and mTurquoise2 can fit two cells in the width of a channel and are not growing as a chain. Right: 206 

schematic representation. 207 

 208 

To examine whether the CAPSUlator showed oscillatory behavior in capsule production, time 209 

lapse fluorescence microscopy was performed within microfluidics mother machines. As shown in 210 

Movie S2 and Fig. 2d, red, capsule producing cells, occupy the channels in single row while blue, 211 

unencapsulated bacteria can also grow in double row within the microfluidics devices. This confirms 212 

the immunofluorescence experiments and demonstrate that red cells are encapsulated and thus occupy 213 

more space than blue, unencapsulated bacteria. Together, these experiments show that we could employ 214 

a CRISPRi-based three-node ring GRN to drive oscillatory behavior in pneumococcal capsule 215 

production. 216 
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 217 

Extended Fig. 3. Capsule production correlates with mScarlet-I expression in the CAPSUlator. (a) 218 

Immunostaining of the capsule shows capsule production in wild-type D39 and absence of capsule in Δcps cells. 219 

There is no (mNeonGreen, mTurquoise) to very faint (mScarlet-I) spectral overlap between the immunostaining 220 

and the channels used for visualizing the CAPSUlator. Scale bar 5 µm. (b) Fluorescence output and 221 

immunostaining of the CAPSUlator, CAPSUlator Δcps, CAPSUlator-OFF & CAPSUlator-ON (see fig. 2). The 222 

CAPSUlator shows heterogeneous production of capsule and the three fluorescent proteins, CAPSUlator Δcps 223 

shows heterogeneous production of the three fluorescent proteins, but no capsule. In the CAPSUlator-OFF, the 224 

expression of mScarlet-I and capsule are constitutively repressed, while in CAPSUlator-ON, the ext-sgRNA cycle 225 

remains intact, but uncoupled from the repression of mScarlet-I and capsule, leading to constant expression of 226 
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mScarlet-I and capsule. Scale bar 5 µm. (c) Correlation between capsule production measured as fluorescence 227 

intensity of the immunostaining around the single cells, and the intensities of the three fluorescent signals 228 

(mScarlet-I, mNeonGreen and mTurquoise2) in single cells. mScarletI and capsule intensities correlate (R2=0.52). 229 

(d) Autocorrelation function of the fluorescence intensities in single CAPSUlator cells tracked in one mother 230 

machine lane (oscillation time: 7 ± 3 generations, 382 ± 738 minutes). 231 

 232 

Phenotypic variation in capsule production benefits pneumococcal survival and virulence 233 

The first step in pneumococcal infection is nasopharyngeal colonization58. To test the hypothesis that 234 

heterogeneous capsule expression can be beneficial for the pneumococcal lifestyle, we first looked at 235 

the capacity of the CAPSUlator strains to adhere to abiotic surfaces that mimics biofilm formation, a 236 

crucial process for colonization59. Bacteria were grown in liquid C+Y medium till OD 0.4 and 237 

subsequently diluted 100x, transferred in 96-well plates and grown at 34°C with 5% CO2. After 6h, the 238 

supernatant was removed, and adhering bacteria were quantified by crystal violet staining (see 239 

Methods). While wild-type pneumococci poorly adhere to the polystyrene plates, capsule mutants 240 

including CAPSUlator-OFF and CAPSUlator-Δcps efficiently adhere (Fig. 3a). The CAPSUlator strain 241 

expressing capsule heterogeneously adhered slightly better than wild type (P = 0.03), while bacteria 242 

that homogeneously expressed the capsule in the CAPSUlator-ON strain were poor biofilm-formers 243 

(Fig. 3a).  244 

Next, we assessed the ability of the strains containing the synthetic GRNs to adhere to human 245 

nasopharyngeal epithelial cells. Detroit-562 cells were grown to confluence and exponential growing 246 

pneumococci were added at an MOI of 5 (see Methods). After 1h, free floating and adhering bacteria 247 

were plated and CFUs were counted the next day. A strain-specific adherence ratio was calculated by 248 

dividing the number of adherent bacteria by non-adherent bacteria. As shown in Fig. 3b, the 249 

CAPSUlator and CAPSUlator-ON strains had similar adherence ratios compared to wild type, whereas 250 

cps mutants and the CAPSUlator-OFF strain adhered significantly better. 251 

The capsule was also shown to be important for survival during starvation as pneumococci can 252 

use their capsular polysaccharide as a carbon source60. To test how well cells with synthetic control of 253 

the capsule cope during starvation, the CAPSUlator strains were grown in C+Y medium to mid-254 
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exponential phase. Subsequently, the cells were washed and resuspended in phosphate-buffered saline 255 

(PBS) at 25ºC and bacterial viability was recorded over time. As expected, bacteria showed a 256 

progressive loss of viability and after 24h approximately 0.1% of wild type and CAPSUlator cells were 257 

still able to form colonies (Fig. 3c). The control strains without capsule, CAPSUlator-OFF and 258 

CAPSUlator-Δcps showed even further reduced viability and less than 0.01% of cells were alive after 259 

24h (Fig. 3c). On the other hand, approximately 1% of CAPSUlator-ON bacteria were still alive after 260 

24h (Fig. 3c).   261 

While in vitro assays favor specific phenotypes (e.g. adherence favors unencapsulated bacteria 262 

while immune evasion favors encapsulated bacteria), it is unclear what the optimal strategy is in a 263 

relevant in vivo animal model where both adherence and immune evasion are required. To examine if 264 

phenotypic variation in capsule expression is indeed functional in vivo, we used an infant mouse model 265 

of colonization. In this model, bacteria require adherence to the nasal epithelium and also immune 266 

evasion for effective dissemination and transmission61. Four-day-old pups were inoculated intranasally 267 

with 105 CFU of pneumococci. After 24h the pups were sacrificed, and bacterial loads were enumerated 268 

in nasal lavages (see Methods). As shown in Fig. 3d, wild type D39V as well as the CRISPRlator strain 269 

(with wild type capsule regulation) were present at similar colonization levels, demonstrating that the 270 

presence of the synthetic CRISPRi GRN has no detrimental impact to in vivo pneumococcal fitness. 271 

Strikingly, the CAPSUlator significantly outperformed the CAPSUlator-OFF, CAPSUlator-Δcps and 272 

CAPSUlator-ON network strains. This unambiguously shows that heterogeneous capsule production 273 

provides an advantageous strategy compared to homogenously expressed capsule in vivo. Notably, the 274 

CAPSUlator does not colonize better than wild type bacteria, suggesting that natural regulation of the 275 

capsule is optimized for the variable environmental conditions present in the mouse model. 276 

 277 
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 278 

Fig. 3. Characterization of synthetic GRNs driving pneumococcal capsule production in traits associated with 279 

virulence. (a) Pneumococcal biofilm formation was measured by growing strain in microtiter plates at 34°C. After 280 

6h, biofilm formation to the wells was quantified using crystal violet staining (see Methods). The amount of 281 

biofilm formed by each strain was compared to wild type S. pneumoniae D39V using a Wilcoxon signed rank 282 

test. (b) The ability of the engineered CAPSUlator strains to adhere to human nasopharyngeal epithelial Detroit-283 

562 cells was tested by infecting a monolayer of cells at an MOI of 5. After 1h of incubation at 37°C the non-284 

adherent and adherent bacteria were enumerated by plating (see Methods). The ratio of adherent vs non-adherent 285 

bacteria is shown and compared to wild type D39V using a Kruskal-Wallis test. (c) Bacterial survival during 286 

starvation was tested by resuspending exponentially growing cells in 1 x PBS followed by incubation at 25°C. 287 

Viable bacteria were quantified by plating and colony counting (see Methods). After 24h of starvation, all 288 

synthetic GRNs except for the CAPSUlator-ON strain showed significantly reduced survival compared to wild 289 

type D39V (Mann-Whitney test). (d) Heterogeneous pneumococcal capsule production is beneficial for in vivo 290 
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colonization compared to homogenous capsule expression. Four-day-old mouse pups were inoculated intranasally 291 

with 105 CFU of pneumococci and after 24h sacrificed and bacterial loads were enumerated in nasal lavages. 292 

There was no statistically significant difference between wild type and the CAPSUlator strain, while all other 293 

GRNs (CAPSUlator-Δcps, CAPSUlator-OFF, CAPSUlator-ON) colonized worse than the CAPSUlator (Mann-294 

Whitney test). 295 

 296 

Discussion 297 

Synthetic GRNs enabled us to test the concept that phenotypic variation in otherwise clonal bacteria is 298 

beneficial under specific conditions. We show that exploiting orthogonal ext-sgRNAs instead of RNA 299 

cleavage factors like Csy4 or standard sgRNAs47,49 allows for the creation of complex GRNs using only 300 

two components: dCas9 and ext-sgRNAs. This eliminates the need for additional factors to be expressed 301 

or PAM sequences to be inserted at the target site and should advance the design and construction of 302 

complex CRISPRi-based GRNs in the future, regardless of host organism.  303 

It is generally assumed that phenotypic variation provides a selective advantage for bacterial 304 

virulence. However, empirical evidence supporting this claim is scarce because the signals involved to 305 

trigger heterogeneity are hard to model in vitro. Here, we employed a synthetic biology approach to 306 

engineer the human pathogen S. pneumoniae and directly address the long-standing question whether 307 

heterogeneity in capsule production is important for its life cycle. In several assays that mimic traits 308 

involved in pneumococcal virulence such as biofilm formation, adherence and starvation, we observed 309 

that different strategies are beneficial. Whereas the absence of capsule improves bacterial binding to 310 

abiotic and biotic surfaces, the presence of capsule increases starvation survival. However, in an infant 311 

mouse colonization model, which requires both adherence and immune evasion, heterogenous capsule 312 

production outperformed homogenous capsule strategies (Fig. 3d). What the exact dynamics are of the 313 

CAPSUlator in vivo still needs to be examined. The presence of the synthetic GRN and all associated 314 

fluorescent proteins encoded within the pneumococcal genome did not seem to impose a negative 315 

metabolic burden as the CRISPRlator strain showed similar in vitro and in vivo fitness compared to 316 

wild type pneumococci (Fig. 3d), reinforcing the idea that CRISPRi has a relatively low burden for the 317 

cell46. Whole genome sequencing of the CAPSUlator verified the presence of the designed GRN and 318 
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demonstrated the absence of any suppressor mutations (see Methods). Over the course of this study, the 319 

GRN behaved as expected. Likely, dcas9 mutants would be rapidly outcompeted by ‘wild type’ GRNs 320 

as such mutants would constitutively express all ext-sgRNAs as well as the fluorescent proteins 321 

normally repressed by the dCas9-ext-sgRNA complex. It is interesting to note that wild type bacteria 322 

outperformed CAPSUlator bacteria during murine colonization (Fig. 3d). This implies that we have not 323 

captured the ideal expression dynamics of cps and that precise regulation of capsule synthesis in 324 

response to the environmental conditions is crucial for optimal colonization. In our synthetic GRNs, 325 

capsule is expressed with temporal heterogeneity in which individual cells gain and lose capsule over 326 

time. It would also be interesting to test and compare alternative GRNs that would create noisy 327 

heterogeneity, in which cells randomly express capsule or not, like the case for SPI-I expression in 328 

Salmonella25,27. Such experiments might also provide insights whether division of labor, bet hedging or 329 

a combination of such strategies is beneficial for pneumococcal pathogenesis. Overall, the here 330 

presented study provides valuable new tools for the pneumococcal and synthetic biology research 331 

community, such as the implementation of CRISPRi with ext-sgRNAs to construct single copy GRNs, 332 

the generation of a mother machine microfluidic device for S. pneumoniae (and associated single cell 333 

image analysis pipeline), and the demonstration that complex GRNs are functional in vivo in a murine 334 

model of colonization. This work may provide a roadmap for analogous systems to study fundamental 335 

questions about the roles and evolution of phenotypic plasticity. 336 

 337 

Methods 338 

Bacterial strains, culture conditions and transformation. 339 

All pneumococcal strains in this study are derivatives of S. pneumoniae D39V57. Strains were grown in 340 

liquid semi-defined C+Y medium62 at 34˚C or 37˚C. Detailed information on strain construction is 341 

reported in the Supplementary information. Strains and plasmids are listed in Supplementary table S1 342 

and oligonucleotides in Supplementary Table 2. The genome of the CAPSUlator strain was sequenced 343 

using Illumina technology (Novogene) and is available at SRA (accession number pending). 344 

Transformation of pneumococcal strains was realized after growth in C+Y medium (pH 6.8) at 37°C 345 
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until an absorbance (OD595nm) of 0.1. Competence was activated by the addition of 100 ng/ml CSP-1 346 

(synthetic competence-stimulating peptide 1) for 12 min at 37°C. Donor DNA was added to the 347 

activated cells and incubated 20 min at 30°C followed by a dilution 1/10 with C+Y medium and 348 

incubated one hour at 37°C. Transformants were selected by plating in Columbia blood agar containing 349 

the appropriate antibiotic. Final antibiotic concentrations used: 7.5 ug/ml chloramphenicol (chl), 0.5 350 

ug/ml erythromycin (ery), 250 ug/ml kanamycin (kan), 0.5 ug/ml tetracycline (tet), 100 ug/ml 351 

spectinomycin (scp), 10 ug/ml trimethoprim (tmp), 40 ug/ml gentamicin (gen).  352 

 353 

Luciferase assays 354 

Pneumococcal strains containing a transcriptional fusion of the firefly luciferase gene (luc) were 355 

precultured in liquid C+Y (pH6.8) until an absorbance (OD595nm) of 0.4, then diluted to OD595nm of 0.004 356 

in C+Y (pH6.8) with luciferin at a final concentration of 0.45 mg/mL and with IPTG (0, 10 or 100 uM). 357 

Luciferase assays were performed in 96 flat bottom white polystyrene plate (Corning, 3610) in a 358 

microtitle plate reader (Tecan Infinite 200 PRO) at 37°C without shaking as described before 62. Optical 359 

density (OD595nm) and luminescence (relative luminescence units [RLU]) were measured every 360 

10 minutes in triplicate. 361 

 362 

Microfluidics experiments 363 

Pneumococcal CRISPRlator (VL3757) or CAPSUlator strain (VL4315) was grown in filter sterilized 364 

(0.45 µm) liquid C+Y medium (pH6.8) supplemented with 300 U/ml of catalase (Sigma, C1345), 1x 365 

Pluronic-F108 (Sigma, 542342) and 100  µg/ml spectinomycin at 37°C until an OD595nm of 0.04. Growth 366 

was continued at 34°C until OD595nm of 0.14. Prior to injection, the cells were concentrated 1/100 and 367 

vortexed to break chains. One of the three input holes of the pneumococcus microfluidic device 368 

(Wunderlichips GmbH) was used to inject bacteria with a Hamilton Kel-F Hub needle (Hamilton, HA-369 

90520). A second input hole was used to flow in fresh medium at a rate of 0.5 ml per hour, powered by 370 

a syringe pump (World Precision Instruments, AL-1000). The cell input and the unused inlet were 371 

closed with a stainless-steel catheter plug (Instech, SP20/12). Cells were grown inside microfluidic 372 

chambers for approximately 3 days at 34°C. Imaging was performed using a Leica DMI8 microscope 373 
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with a 100x/1.40 oil-immersion objective and a sCMOS camera (Leica-DFC9000GT-VSC08519). 374 

Images were taken every 5 min. Phase contrast images were acquired using transmission light (50 ms 375 

exposure). Excitation light from a SpectraX (Lumencor) was limited to 50% power output in 376 

combination with a 10% neutral density filter through a multipass CFP/YFP/mCherry filter cube 377 

(chroma) with an exposure time of 300ms for each fluorescence channel (mTurquoise2 through the CFP 378 

filters, mNeonGreen through the YFP filters and mScarlet-I through the mCherry filters).  379 

 380 

Immunofluorescence 381 

Pneumococcal strains were grown in liquid C+Y medium (pH 6.8) at 37°C. After two dilutions, bacteria 382 

were harvested at OD595nm of 0.1 and incubated with 1/1000 of Pneumococcus type 2 Rabbit antiserum 383 

(SSI Diagnostica, 16745) for 5 min on ice. After incubation, bacteria were washed three times with 384 

C+Y medium and then incubated with 1/1000 of goat anti-rabbit IgG antibody, Alexa Fluor 680 385 

(Invitrogen A-1109, A27042) for 5 min on ice. Cells were washed once with C+Y medium and once 386 

with ice-cold 1x PBS. Bacteria were concentrated 50x and spotted on an agarose pad (1.2%). 387 

Microscopy was performed on a Leica DMI8 with a 100x objective and a SpectraX lightsource at 100% 388 

power output. To image the capsule and limit spectral overlap with mScarlet-I, fluorescence was 389 

acquired through a filter cube containing an SpX-Q filter set with an excitation of 640 nm and emission 390 

wavelength of 720 nm (600ms exposure time). For mScarlet-I, a SpX-QS filter cube was used with Ex 391 

550 nm and Em 590 nm (800 ms exposure). For mTurquoise2 and mNeonGreen, a Chroma multipass 392 

filter cube was used with Ex 440 nm and Em 470 nm (700 ms exposure) and Ex 510 nm and Em 535 393 

nm (600 ms exposure). 394 

 395 

Cell segmentation & tracking 396 

For the microfluidics time lapse movies, cells were segmented based on all 4 channels (CFP, YFP, RFP 397 

and phase contrast) using Ilastik63: using the pixel classification tool, cells, background and 398 

mothermachine were classified manually until the software detected the cells properly. After this, pixel 399 

prediction maps of the full movies were generated in bulk mode. Cell masks were generated using the 400 

object classification tool. Subsequently, cells were tracked using the Fiji-plugin TrackMate64,65, using 401 

.CC-BY 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted June 3, 2023. ; https://doi.org/10.1101/2023.06.03.543575doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.03.543575
http://creativecommons.org/licenses/by/4.0/


 

 20 

the cell masks as detection input (LAP tracker, frame-frame linking 8 px, gap closing distance 10 px, 402 

gap 2 px, track segment splitting distance 8 px). Spots, including the mean intensity per cell mask of 403 

each channel, tracks, containing track lengths, and edges, containing information on the relationship 404 

between detected masks, were saved as .csv files and imported into R for further analysis.  405 

For the snapshots, Morphometrics was used to segment the cells based on phase-contrast66. The 406 

fluorescence intensity was measured as the mean pixel intensity per cell using the R package 407 

BactMAP67. 408 

 409 

Quantifications and statistical analysis 410 

Data analyses of the mother machine data and the capsule immunofluorescence experiments were 411 

performed using R. The fluorescence intensity of each channel was normalized between 0-100% to be 412 

able to compare oscillations easier. The autocorrelation function (ACF) was calculated over time, per 413 

fluorescence channel, per individual cell genealogy, which was defined as the ancestral line of each leaf 414 

of the lineage tree. Cell growth was defined as the relative increase in cell length over time. Cell 415 

divisions were detected as peaks in cell growth (peak over a span of three time points). Cells that had a 416 

generation time that was faster than 3 times the median generation time of 35 minutes were discarded 417 

as misdetections, cells with a generation time longer than 3 times the generation time were discarded as 418 

non-growing. The median oscillation times were calculated as the median of the first apparent peak in 419 

the ACF functions of each cell genealogy. 420 

Lineage tree visualizations and analysis were done in R using the R packages ggraph and tidygraph 421 

(https://github.com/thomasp85/ggraph, https://github.com/thomasp85/tidygraph). Notebooks 422 

containing the scripts for the analysis of the microfluidic movies can be found at 423 

https://github.com/veeninglab/Capsulator. For the illustration of one individual cell in the 424 

mothermachine (Figure 1e), one single cell was manually tracked using Fiji. The manually tracked 425 

mothermachine data was analyzed and plotted using Prism (Graphpad).  426 

  427 
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Biofilm assays 428 

Biofilm assays were performed as described68. Cells were cultured in C+Y medium (pH 6.8) until 429 

OD595nm of 0.4, then diluted 100 times in 200 µl C+Y (pH 7.8) in a 96-well plate (Cytoone CC7672-430 

7596). Plates were incubated for 6h at 34°C with 5% CO2. After incubation, bacterial growth was 431 

measured at OD595nm. The supernatant was removed to allow the staining of the remaining biofilm in 432 

the bottom and edges of the wells. Biofilms were stained for 15 min at room temperature with 1% 433 

crystal violet. Each well was washed twice with distilled water to remove non-adherent cells. Biofilms 434 

were solubilized with 200 µl ethanol 98% in each well. Biofilm biomass was quantified by measuring 435 

the OD595nm with a microtiter plate reader (TECAN Infinite F200 Pro). 436 

 437 

Starvation survival assays 438 

Pneumococcal strains were grown in liquid C+Y medium (pH 6.8) at 37°C until an OD595nm of 0.15. 439 

Cells were washed once with 1x PBS and then re-suspended in 1x PBS and incubated at 25°C. Aliquots 440 

of each strain were collected over the time (0h, 4h, 6h and 24h incubation) and stored with 16% (vol/vol) 441 

glycerol at -80°C. Viable bacteria were enumerated by diluting the stored aliquots in 1x PBS and plating 442 

in triplicate inside Columbia blood agar followed by overnight incubation at 37°C with 5% CO2. 443 

Colonies were counted manually.  444 

 445 

Adherence assays 446 

Nasopharynx epithelial cells Detroit 562 were plated in 96 well cell culture plates (Costar 3595). After 447 

microscopic observation of the presence of confluent monolayers, cells were rinsed twice with 1x DPBS 448 

(Gibco) bacteria were added. Pneumococcal strains were grown in liquid C+Y medium (pH 6.8) at 37°C 449 

until an OD595nm of 0.2, then centrifuged and resuspended in RPMI medium 1640 (1x), supplemented 450 

with 1% (vol/vol) FCS and 10 mM HEPES (Gibco). Detroit 562 cells and bacteria were co-incubated 451 

at a MOI of 5 (i.e., 5 bacteria for every Detroit 562 cell). To optimize the adherence, the plate was 452 

centrifuged (at 1000 x g for 5 min) and incubated one hour at 37°C with 5% (vol/vol) CO2. The 453 

supernatant was recovered and the cell layer was washed once with 1x PBS to remove non-adherent 454 
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bacteria. Supernatant and wash were combined and stored with 16% glycerol (vol/vol) at -80°C as non-455 

adherent fraction (NA). To dislodge the epithelial cells with the adherent bacteria, a solution of trypsin-456 

EDTA was added and incubated for 10 min at 37°C with 5% (vol/vol) CO2. The detached cells were 457 

collected and washed once with 1x PBS. Detached cells and wash were combined and stored with 16% 458 

(vol/vol) glycerol at -80°C as adherent fraction (A). Both fractions, NA and A, were diluted and plated 459 

in 2% (vol/vol) blood Columbia agar. After overnight incubation at 37°C with 5% CO2, colonies were 460 

counted manually.  461 

 462 

Colonization of infant mice 463 

Infant mice (4 days old) were intranasally inoculated with 105 CFU of pneumococcal strains in 3µl of 464 

PBS, without anesthesia. Following intranasal instillation, the pups were returned to their dam. After 465 

24 hours, mice were euthanized by CO2 asphyxiation followed by cardiac puncture. To assess the 466 

colonization levels, the trachea was cannulated using a 30-gauge needle and lavaged with 300µl of 467 

sterile PBS collected from the nares. Ten-fold serial dilutions of this retrotracheal lavage were plated 468 

on Tryptic Soy (TS)-catalase plates supplemented with the appropriate antibiotic to enumerate 469 

pneumococcal load.        470 

 471 

Ethics statement 472 

Animal experiments were performed according to the guidelines laid by National Science Foundation 473 

Animal Welfare Act (AWA) and the Public Health Service Policy on the Humane Care and Use of 474 

Laboratory Animals. NYU’s Grossman School of Medicine’s Institutional Animal Care and Use 475 

Committee (IACUC) oversees the welfare, well-being, proper care, and use of all animals. They have 476 

approved the protocols used in this study: IA16-00538. 477 

 478 

Data availability 479 

Genome sequence data of the CAPSUlator is available at SRA (SRR24464804). All scripts used in 480 

image analysis are available at https://github.com/veeninglab/Capsulator.    481 
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