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One-sentence summary:17

A dual single-molecule gene expression reporting system reveals two new stable18

protein production states of the classic bistable  genetic switch in live E. coli cells,19

suggesting new cell fate potentials.20
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2

Abstract22

Bistable switches are common gene regulatory motifs directing two mutually exclusive23

gene expression states, and consequently distinct cell fates. Theoretical studies suggest that24

the simple circuitry of bistable switches is sufficient to encode more than two cell fates due25

to the non-equilibrium, heterogeneous cellular environment, allowing a high degree of26

adaptation and differentiation. However, new cell fates arising from a classic bistable switch27

without rewiring the circuitry have not been experimentally observed. By developing a new,28

dual single-molecule gene-expression reporting system in live E. coli cells, we investigated29

the expression dynamics of two mutually repressing transcription factors, CI and Cro, in the30

classic genetic switch of bacteriophage  . We found that in addition to the two expected31

high-Cro and high-CI production states, there existed two new ones, in which neither CI nor32

Cro was produced, or both CI and Cro were produced. We constructed the corresponding33

potential landscape and mapped the transition kinetics between the four production states,34

providing insight into possible state-switching rates and paths. These findings uncover new35

cell fate potentials beyond the classical picture of  switch, and open a new window to36

explore the genetic and environmental origins of the cell fate decision-making process in37

gene regulatory networks.38
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Main Text40

Cell fate decision-making is the process of a cell committing to a differentiated state in41

growth and development. The decision is often carried out by a select set of transcription42

factors (TFs), the expression and regulatory actions of which establish differentiated43

programs of gene expression (1). Bistable switches, which consist of two mutually repressing44

TFs, constitute a simple, widely conserved mechanism for cell fate determination. In a classic45

bistable switch, only one of the two mutually exclusive cell fates is possible, as only one of46

the two TFs can be stably expressed and maintained in a cell at any given time. Binary cell47

fate determination regulated by mutually repressing TFs has been observed in stem cell48

differentiation (2, 3), tissue development (4, 5), bacterial competence development (6),49

bacterial conjugation (7), and phage infection (8-12). Multi-stability, the presence of more50

than two stable, mutually exclusive gene expression states, could arise from different51

circuitry configurations (13-15). In theory, multi-stability is possible even for classic bistable52

switches with weakened interactions between TF and genes in a stochastic, heterogeneous53

cellular environment (16-19). Here, we demonstrated experimentally the emergence of new54

expression states using the model bistable switch of the bacteriophage  (20), offering new55

cell fate potentials beyond the classic genetic picture.56

The  switch is composed of two mutually repressive TFs, CI and Cro (Fig. 1A); the57

expression of CI but not Cro confers lysogenic growth, and the expression of Cro but not CI58

confers lytic growth. The  switch has served as a paradigm for studying gene regulation59

and cell fate determination (9-11, 20, 21), but the real-time switching kinetics and paths60
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between the two distinct, mutually exclusive gene expression states have not been61

elucidated experimentally. To achieve these goals, we developed a dual single-molecule62

gene expression reporting system to follow the stochastic expression dynamics of CI and63

Cro simultaneously in the same cells (Fig. 1B).64

In the dual gene expression reporting system, we fused a fast-maturing yellow65

fluorescent protein variant, Venus (22) to one of two cellular localization tags, Tsr or LacI, to66

distinguish the production of CI and Cro in the same cell. The strategy of using two different67

subcellular localizations differs from previous studies using fluorescent proteins of different68

colors (23), and avoids the major disadvantage of temporal mismatches caused by different69

fluorescent protein maturation rates (e.g. ~1 hr for red fluorescent proteins such as mCherry70

(24) and ~5 min for Venus (22, 25-27)). Tsr is a membrane protein that localizes rapidly and71

specifically to cell poles (28). LacI binds specifically to 256 lacO sites (lacO256) incorporated72

onto a multi-copy, mid/quarter cell-localizing RK2 plasmid pZZ6 (29). Because we can73

localize single fluorescent protein molecules with high precisions of 30—40 nm in live E. coli74

cells (27, 30), we could distinguish between individual Tsr-Venus and LacI-Venus molecules75

based on their subcellular positions. Using a control strain XF004 expressing Tsr-Venus and76

LacI-mCherry independently (fig. S1, Table S1), we demonstrated that there was indeed77

minimal spatial overlap (~2%) between the two localization tags (fig. S2 and Movie S1).78

Next, to distinguish the expression of CI and Cro in the same cell while avoiding79

possible disruptions of their functions due to the fluorescent protein fusion, we generated80

two translational fusion genes, tsr-venus-ub-cI and lacI-venus-ub-cro, and used the CoTrAC81
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strategy (CoTranslational Activation by Cleavage, (26, 27)) to cleave cotranslationally the82

Tsr-Venus-Ub or LacI-Venus-Ub reporter off from CI or Cro (Fig. 1B). This strategy ensures83

a 1:1 ratio in real-time between localized Venus reporter molecules and the fused CI or Cro84

molecules (or any other fused protein molecules, (27)). Using two control strains expressing85

only Tsr-Venus-Ub-CI (XF002) or LacI-Venus-Ub-CI (XF003), we verified that the cellular86

localization and fluorescence intensity of targeted Venus spots faithfully reported both the87

identity and expression level of CI (Fig. 1C and D, fig. S1, Movie S2 and S3). We named this88

new, dual gene expression reporting system DuTrAC (Dual coTranslational Activation by89

Cleavage).90

To investigate the regulatory dynamics of CI and Cro in the  switch using DuTrAC, we91

constructed strain XF204. We fused tsr-venus-ub to a temperature sensitive CI mutant (cI85792

(31)), and lacI-venus-ub to cro, replacing the native cI and cro genes in the genetic switch,93

similar to what was previously described (fig. S1, Table S1) (27). We then integrated this94

circuit from OL to the end of the cro gene into the chromosome of E. coliMG1655 strain at the95

lac operon locus (Fig. 1B). Hence, Tsr-Venus-Ub reports the expression of CI857, and96

LacI-Venus-Ub reports the expression of Cro. We used the temperature sensitive mutant97

CI857 (A66T, (31)) in place of wild-type (WT) CIWT for the convenience of using temperature98

to tune the fraction of active CI. CI857 has normal DNA binding affinity and transcription99

regulation activity at the permissive temperature 30 C (32). At higher temperatures, an100

increasing fraction of CI857 becomes inactivated due to misfolding and subsequent101

degradation (32), and therefore Cro expression is switched on. We verified that the fusion of102
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DuTrAC reporters to CI and Cro did not change the switching behavior of the genetic switch103

(fig. S3A). Furthermore, to examine the switching behavior across different protein104

expression levels, we generated two additional strains XF214 and XF224 (fig. S1, Table S1), in105

which the expression level of LacI-Venus-Ub-Cro was reduced in the order of [Cro]XF224106

<[Cro]XF214 < [Cro]XF204. Using Western blotting we confirmed that the expression levels and107

switching behaviors of these strains were as expected (fig. S3B). Note that in the following108

experiments for simplicity we referred CI857 as CI.109

To investigate the switching behavior of the modified  switch, we first quantified the110

steady-state levels of CI and Cro in individual cells at different temperatures for strains111

XF204, XF214 and XF224 (Fig. 2, fig. S4, S5 and Table S2). We found that consistent with the112

typical bistable behavior, at a low temperature (30 C) cells had few Cro but predominately113

CI molecules (hereafter termed [L, H] for low-Cro and high-CI level, Fig. 2A, red curves); at114

a high temperature (37  C) the switch was flipped and cells predominately existed in115

high-Cro, low-CI level ([H, L], Fig. 2A, green curves). Interestingly, between the two extreme116

temperatures, we observed that a large population of cells had both CI and Cro [H, H] in the117

same cells at intermediate levels (Fig. 2A, black curves, fig. S5, Table S2). Reduced Cro levels118

in strain XF214 and XF224 did not abolish the presence of [H, H] population of cells, but119

shifted the temperature at which the percentage of this population of cells was the highest120

from 33 C in XF204 to 34 C in XF214 and to 36.5 C in XF224 (Fig. 2, fig. S5, Table S2). A121

fourth population of cells having little CI or Cro ([L, L]) also existed at these temperatures. A122

few representative images of the four cell populations of strain XF224 at low, intermediate123
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and high temperatures were shown in Fig. 2B. Note that under our experimental conditions124

(SOM), at each temperature cells were maintained at steady-state, i.e. on average the125

production of CI and Cro was balanced by their degradation, and hence their cellular126

concentrations, or steady-state levels, were not dependent on how many generations the127

cells have been grown in exponential cultures. Previous studies probing CI and Cro128

steady-state levels independently did not observe the presence of the two new populations129

of cells (9, 33).130

The observation of cells having both CI and Cro at steady-state indicated that either131

these cells could switch between the two mutually exclusive steady-state levels of either CI132

or Cro within each other’s degradation time scales, and/or there existed a new expression133

state in which CI and Cro were expressed concurrently. The snapshot nature of the134

steady-state measurement could not distinguish these possibilities. In addition, the135

steady-state measurement of CI was complicated by the fact that at high temperatures an136

increasing population of CI857 becomes inactive; hence, the actual steady-state level of active137

CI (molecules/cell) is only proportional to the measured level of Tsr-Venus-Ub. These138

problems could be circumvented by following protein production in real time; the number139

of newly produced protein molecules per time unit directly reflects the promoter activity140

during that time without the convolution of any downstream processes. Therefore, we grew141

XF224 cells in a precision temperature-control chamber (T = 36.5  0.1 C over the length of142

the experiment of ~ 7 hours, fig. S6) on a microscope stage, and counted the number of143

newly produced CI and Cro molecules in individual cells every 5 minutes for multiple144
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generations (SOM, fig. S7, Movie S4, S5, mean cell cycle time  = 71  22 min,   s.d., n = 457145

cell cycles). We photobleached Venus molecules after each detection, so that new fluorescent146

molecules detected after five minutes of the dark interval were newly produced during the147

five minutes (26, 27). We chose strain XF224 because it had the lowest Cro steady-state levels148

compared to XF204 and XF214 (fig. S3, S5), facilitating the accurate identification and149

counting of single Venus molecules in small E. coli cells (fig. S8).150

In Fig. 3 we show four representative time traces of different XF224 cell lineages. We151

observed stochastic, anti-correlated production of CI and Cro (Fig. 3A to D, fig. S9);152

Intriguingly, in many time traces, we observed that there were periods of time in which153

neither CI or Cro was produced, or both were produced. The presence of the four154

production populations was evident when we plotted the 2D histogram of the number of CI155

and Cro molecules produced in each 5-min imaging interval for all time traces (Fig. 3E). In156

addition to the two expected populations of high-CI ([L, H]), and high-Cro ([H, L])157

production states, there were two additional populations. One resided at [0, 0] where no CI158

or Cro was produced, and another centered at ~ 4 molecules for both CI and Cro, similar to159

the [L, L] and [H, H] populations we observed in steady-state measurements (Fig. 2). The 1D160

histograms of CI and Cro alone showed two-state distributions (Fig. 3E).161

We verified that the presence of the four populations was not caused by independent162

production of CI and Cro from two copies of the  switch due to chromosome replication,163

because the four populations existed similarly in young cells where the chromosomal copy164

was one before replication (cell age <= 0.4, less than 40% of the cell cycle time, SOM, fig.165
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S10A). Furthermore, single-molecule fluorescence in-situ hybridization (smFISH, Table S3)166

showed co-existence of cI and cro mRNA molecules in a significant population of cells (16.3167

 0.7%, cI and cro mRNAs at 0.9  0.03 and 0.6  0.02 molecules per cell,   s.e., n = 2627168

cells), irrespective of cell ages (fig. S10B and Table S4). This result suggested that cI and cro169

mRNAs were produced within each other’s short lifetime window (~ 1.5 min, (34)).170

Co-existence of cI and cro mRNAs has also been previously observed in cells growing under171

a different growth condition (34). Finally, we verified that the stochastic maturation process172

of the Venus fluorophore only affected the spread, but not the presence, of each population173

in the 2D histogram (fig. S11). Taken together, these results suggested that in each 5-min174

time window, a cell could produce none, only one or the other, or both proteins.175

Using the experimentally measured 2D distributions of CI and Cro production levels,176

we generated the corresponding potential landscape by calculating the negative logarithm177

of probabilities (Fig. 3F, SOM). There were clearly four basins, approximately around at [0,178

0], [4, 0], [0, 4] and [4,4] for produced [Cro, CI] protein molecule numbers per 5 min (Fig. 3F).179

Interestingly, there was one central peak separating the four basins such that the barrier180

height between two opposite basins [L, L] and [H, H], or [H, L] and [L, H], was higher181

compared to that between two adjacent basins [L, L] and [L, H], or [L, L] and [H, L] (Fig. 3F).182

This type of landscape has not been previously observed for such a genetic circuitry, and183

suggested specific switching paths between the basins. For example, to switch from [H, L] to184

[L, H] the path going through the [L, L] or [H, H] basins would have higher probability than185

the path of switching directly between the two.186
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To quantitatively identify possible production states of CI and Cro corresponding to the187

observed basins in the potential landscape, and obtain the associated transition rates188

between these states, we used a modified Hidden Markov Model (HMM), which is189

commonly used in temporal pattern recognition (35, 36). We found that a four-state HMM190

([L, L], [L, H], [H, L], and [H, H]) matched the observed 2D histogram of CI and Cro191

production the best (fig. S12). The mean production levels of Cro and CI of each state and192

the corresponding dwell time were summarized in Table 1 and fig. S13. Importantly, HMM193

allowed us to identify state-switching events in individual time traces (Fig. 3A to D, middle194

panels with colored bars) and hence the transition time constants (Fig. 4A, Table S5) (37).195

Similar results were observed using truncated time traces of only young cells (fig. S14, Table196

S5 and S6). Because the dynamics of a system is fully determined and described by its197

speed and the underlying kinetic processes (or paths), the transition time constants obtained198

here can be used to identify the most likely transition paths and the associated rates of199

switching between states, which has not been achieved before. For example, to switch from200

the [L, H] state to the [H, L] state, the most likely path is to go through the [H, H] state201

instead of directly switching. We can also determine the time it takes for switching by the202

times a cell spent on the two paths (from [L, H] to [H, H], and from [H, H] to [H, L]). This203

gives us insight into possible mechanisms underlying the kinetic processes in terms of the204

speed and the most likely paths, suggesting an unexpected kinetic route through [H,H]205

beyond direct switching between CI and Cro.206

How does the  switch generate two new production states [L, L] and [H, H], in207
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addition to the two classic states [H, L] and [L, H]? Theoretical studies have shown that208

without changing the wiring configuration of a bistable switch, multistability can arise from209

weakened regulatory interactions, which impose fewer constraints on possible TF binding210

configurations (16-19). In eukaryotic cells, epigenetic phenomena such as histone211

modification and DNA methylation could reduce the binding rates of TFs to their targeting212

DNA sites, leading to longer time scale of gene regulation. In bacterial cells, low TF213

expression levels (38) and high levels of non-specific binding (39) can effectively slow down214

the binding of TFs to specific target sites, leading to weakened regulation. Such a regime in215

gene regulation is termed non-adiabatic, in contrast to the classic adiabatic regime, in which216

protein binding and unbinding are fast compared to the protein’s production and217

degradation time scales with rapid equilibration in a well-mixed environment (17-19, 40).218

The adiabatic regime of the  switch under different experimental conditions has been219

elegantly demonstrated previously (8, 41, 42).220

In our  switch strain XF224, both CI and Cro are expressed at relatively low levels (fig.221

S15). Slow dissociation times (in the range of a minutes to hours (43, 44)) and significant222

levels of nonspecific binding for both CI and Cro (> 70%, (39)) have been previously223

demonstrated. The [L, L] production state could emerge and remain stable when a224

combination of CI and Cro occupies all the operator sites, shutting down the production of225

CI and Cro simultaneously (Fig. 4B). When either CI or Cro dissociates, and the rebinding is226

slow, RNA polymerase (RNAP) can bind to the exposed PR or PRM promoters, resulting in227

the [H, L] or [L, H] production states. RNAP exists at a much higher level (~ 3000 molecules228
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per cell under a similar growth condition, (45)) compared to CI and Cro, and hence its229

binding rate would be significantly faster. When both CI and Cro dissociate from all three230

operators, which would occur at a much lower probability than only one of them231

dissociating, RNAP can initiate transcription from either one of the two promoters, resulting232

in the [H, H] production state (Fig. 4B). Consistent with this possibility, we previously233

measured the basal expression level of PRM promoter in the absence of CI and Cro to be234

similar to the CI production level in the [H, H] state (27). In addition, in vitro studies have235

demonstrated that both PR and PRM promoters on the same  switch can be occupied by two236

RNAP molecules simultaneously in the absence of CI and Cro (46, 47).237

One important aspect of our time-lapse experiments, in contrast to an earlier experiment238

with a similar genetic network (8), is that we measured the production, but not cellular239

concentrations, of CI and Cro. Protein production rates directly measure promoter activities,240

which reflect promoter configurations with respect to TF and RNAP binding. In the241

adiabatic regime, new protein production instantaneously leads to changes in protein242

concentration and consequently protein binding rate; in the non-adiabatic regime, however,243

promoter activity does not necessarily follow immediate protein concentration changes. As244

such, for the same concentration state, different production states, and hence new cell fate245

potentials, could arise. The well known hysteresis effect of bistable switches (8) is likely a246

result of the non-adiabatic cellular environment in which protein binding/unbinding is247

slow— cells starting in one state have a tendency to stay in that state before switching to the248

other states even when the concentration of a critical protein has already changed.249
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Previous studies have shown that in the adiabatic regime, different wiring conditions of250

bistable switches could give rise to a maximum of three stable states (13-15). Here we251

showed that in the non-adiabatic regime, four stable protein production states can emerge252

from bistable switches without changing wiring configurations, with consequences in253

establishing new cell fates (16-19, 48). A living cell, in which non-equilibrium steady-state is254

the norm, could potentially utilize the non-adiabaticity to encode multiple cell fates even255

with a limited circuitry, hence allowing a high degree of adaptation and differentiation.256
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368

369

Figure 1. Validation of the dual single-molecule gene expression reporting system370

DuTrAc. (A) Schematic drawing of the two gene expression states of the  genetic switch. In371

lysogenic growth, the  repressor CI binds to its operator sites OR1 and OR2 to stimulate its372

expression from promoter PRM, and at the same time shuts down Cro expression from373

promoter PR. In lytic growth, Cro binds to OR3 to repress CI and turns on its own expression.374

(B) Schematic drawing of the DuTrAC system. The  switch (colored bar) containing375

tsr-venus-ub-cI and lacI-venus-ub-cro is integrated into the chromosome at the lac operon locus.376

The expressed fusion polypeptide chain is cotranslationally cleaved by the constitutively377
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expressed deubiquitinase UBP1 at the last residue of the Ub sequence, separating378

cell-pole-targeting Tsr-Venus-Ub from CI, and mid/quarter-cell-targeting LacI-Venus-Ub379

from Cro for single-molecule detection. CI and Cro are thus untagged and can bind380

respective operators to regulate gene expression. Representative cell images of pole- or381

midcell-localized Venus fluorescence spots were shown as insets. (C) Histograms of382

normalized distance (d) of Venus fluorescence spots to cell centroid (inset) in strain XF002383

(red, expressing Tsr-Venus-Ub-CI only, fig. S1, Table S1) and XF003 (green, expressing384

LacI-Venus-Ub-CI only, fig. S1, Table S1) in the presence of the deubiquitinase UBP1. 92% of385

Tsr-Venus-Ub spots (n = 993 spots) localized at d ≥ 0.6 (dashed line); 95% of LacI-Venus-Ub386

spots (n = 1384 spots) localized at d < 0.6, suggesting that the threshold of d = 0.6 could be387

used to distinguish the identity of the fused protein. (D) Histograms of integrated388

fluorescence level of Tsr-Venus-Ub (red) and LacI-Venus-Ub (green) in individual XF002389

and XF003 cells. The distributions and mean levels (4.8  2.9 x 104, n = 840 cells for XF002,390

and 4.2  2.1 x 104, n = 913 cells for XF003,   s.d.) of Venus fluorescence in the two strains391

were indistinguishable from each other, indicating that both Tsr-Venus-Ub and392

LacI-Venus-Ub, despite of different mRNA and protein sequences, reported the expression393

levels of CI equivalently.394

395

396

397
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398

Figure 2. Steady-state levels of CI and Cro in strains XF204, XF214 and XF224 at different399

temperatures showed more than two expected cell populations. (A) Percentages of cells400

having CI only (red, copy number ratio r = CI/(CI+Cro) ≥ 0.8), Cro only (green, r ≤ 0.2), or401

both CI and Cro (black, 0.2 < r < 0.8) in strains XF204, XF214 and XF224 at different402

temperatures. See SOM for details. (B) Representative fluorescent images of XF224 cells403

showing CI expression (yellow pole-localized Tsr-Venus-Ub spots) and Cro expression404

(yellow quarter/midcell-localized LacI-Venus-Ub spots) at low, intermediate and high405

temperatures overlaid with phase-contrast cell images (gray).406

407
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408

409

Figure 3. Real-time production time traces of CI and Cro in strain XF224 showed four410

distinct populations at 36.5C. (A to D) Time traces of newly produced CI (top) and Cro411

(bottom) molecule numbers in the same cells in four representative XF224 cell lineages. The412

corresponding state-switching time trace identified by HMM was shown in the middle panel413

of each lineage, with blue corresponding to state [H, L] for high Cro and low CI production,414

green to [L, H], purple for [H, H] and red for [L, L]. The dashed vertical lines indicate cell415

division. (E) 2D histogram of produced CI and Cro protein molecules in individual cells416

measured at each 5-min frame in time-lapse experiments (n = 6453 frames from 94 time417
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traces). Corresponding 1D histograms of CI and Cro are shown on the right and top of the418

2D histograms respectively. Colors and scale bars indicate fractions of cells. (F) The potential419

landscape was calculated using the experimentally measured 2D histogram of CI and Cro420

expression numbers in every 5-min frame and interpolated.421

422
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423

Figure 4. Transition time constants (A) and possible underlying molecular events (B) for424

the four stable production states observed in the  switch. (A) Transition time constants425

were identified using a modified HMM analysis. Longer transition times indicate that direct426

switching between diagonal states is much less likely than that between side states. (B) The427

[L, L] states could arise due to the co-occupancy of the three operators by a combination of428

Cro and CI. The [H, H] state could arise from the slow association of Cro or CI to the429

operators, allowing RNAP to bind freely on PR or PRM to initiation transcription. Note that430

only these two simple possibilities were depicted here but other promoter configurations431

could also potentially lead to the [L, L] and [H, H] production states.432

433
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Table 1: Mean production levels of CI and Cro and the corresponding dwell time
of each state identified by HMM in time-lapse experiments.

State

[Cro, CI]

Croa

(molecules)

CIb

(molecules)

n

(frames)

Dwell Timec

(min)
nd (occurrence)

[L, L] 0.0 ± 0.01 0.0 ± 0.0 139 17 ± 2 41

[H, L] 5.2 ± 0.10 0.0 ± 0.0 1173 36 ± 3 162

[L, H] 0.0 ± 0.0 4.7 ± 0.13 1451 27 ± 1 269

[H, H] 4.5 ± 0.04 4.7 ± 0.05 3069 47 ± 3 396
a, b,and c: Values were expressed as mean ± standard error.
d: Number of occurrence of each state in all time traces

434
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