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A B S T R A C T   

Transcriptional events play a crucial role in major cellular processes that specify the activity of an individual cells 
and influences cell population behavior in response to environment. Active (ON) and an inactive (OFF) states 
controls the transcriptional burst. Yet, the mechanism and kinetics of ON/OFF-state across the different growth 
phases of Escherichia coli remains elusive. Here, we have used a single mRNA detection method in live-cells to 
comprehend the ON/OFF mechanism of the first transcriptional (TF) and consecutive events (TC) controlled by 
lactose promoters, Plac and Plac/ara1. We determined that the duration of TF ON/OFF has different modes, 
exhibiting a close to inverse behavior to that of TC ON/OFF. Dynamics of ON/OFF states in fast and slow-dividing 
cells were affected by the promoter region during the initiation of transcription. Period of TF ON-state defines the 
behavior of TC by altering the number and the frequency of mRNAs formed. Furthermore, we have shown that 
delayed OFF-time in TF affects the dynamics of TC in both states, which is mainly determined by the upstream 
promoter region. Furthermore, using elongation arrest experiments, we independently validate that mRNA noise 
in TC is governed by the delayed OFF-period in TF. We have identified the position of the regulatory regions that 
plays a crucial role in noise (Fano) modulation. Taken together, our results suggest that the dynamics of the first 
transcriptional event, TF, pre-defines the diversity of the population.   

1. Introduction 

Active and inactive states of transcription are key steps in the regu
lation of gene expression. [1–3]. Numerous factors, such as transcription 
activators and repressors, DNA structural conformations, RNA poly
merase (RNAP) binding and fall-off [4,5] and riboswitches [6] affect the 
kinetics of transcriptional activation and inactivation. Transcript pro
duction is the result of all the integrated output of all these factors. 
Transcriptional programming, which is crucial for the growth and 
physiological state of bacterial cells, is significantly altered during three 
distinct growth phases: the lag phase, the log or exponential phase, and 
the stationary phase. Notably, transcription programming is modulated 
in a growth phase-dependent manner that plays a significant role in 
controlling population behavior in response to changing environmental 
factors. [7–10]. Numerous current investigations have demonstrated 
that fluctuations in transcriptional programming, particularly tran
scription initiation, result in individual cell behavior diversity within a 

population of bacteria grown in normally uniform environmental con
ditions. [11–14]. According to these findings, heterogeneity in individ
ual cell behavior is a bet-hedging-like approach crucial for bacterial 
survival under constantly changing environmental conditions. [12,13]. 
Recent research from our group have revealed that variability in the 
time of mRNA production is an important step in determining cell-to-cell 
diversity in a population of cells. [7,15]. We have demonstrated that the 
number of mRNAs produced in the first production event differs from 
consecutive mRNA production events. [16]. The current model sets forth 
that the first transcriptional event delays as a result of a lack of molec
ular memory from previous transcriptions [17–19]. According to this 
paradigm, the sequential flow of transcriptional events is entirely 
dependent on the first transcriptional event. Factors such as localized 
gene locus recruitment, prolonged retention of DNA-bound transcription 
factors, RNAP accessibility, and proximity to transcription factories are 
all potential mechanisms that contribute to the sequential flow of 
transcription. While these regulatory mechanisms highlight the 
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intricacy of transcription regulation, understanding the kinetics of initial 
mRNA production in various growth phases is crucial to understand the 
behavior of cells in a population. 

Understanding the complex interaction between growth nutrients 
and microbial physiology is key in disease pathophysiology, where mi
crobial growth and stress responses play important roles [26,27]. Bac
terial population cope up with a variety of stressful conditions, whether 
through pharmacological therapy or environmental change [28]. The 
resistance population expands rapidly, boosting infection via host- 
pathogen interaction, in which transcription plays a crucial role in 
bacterial adaptability and survival in stressed environments. Specif
ically, the quantity of functional proteins required for adaptation and 
survival is closely regulated by the number of transcripts produced [13]. 
While transcriptional regulation has been well study, only a few quan
titative studies have attempted to clarify the dynamics of transcriptional 
changes during distinct growth phases at the single cell level. Investi
gating single-cell transcriptional regulation allows us to track the source 
of transcriptional noise and its involvement in diseased or drug-treated 
conditions. 

Several previous studies have addressed the ON-OFF kinetics of 
transcription. Baker and Yanofsky (1968) noticed that the lac operon's 
ON-state occurs after a long period of OFF-time. [20]. It was also noticed 
that the average off-time is longer by a factor of five [20]. Subsequently, 
Contesse et al. (1969) determined that the expression of this operon had 
a period of 40 s. [21]. Recent studies that used single-molecule time- 
series measurements on the lac variant gene indicated that the mean 
OFF-time is sixfold greater than the ON-time [22]. Furthermore, during 
the ON-state, numerous mRNAs are created in a burst that follows a 
Poisson distribution. Furthermore, similar to the lac system, the tran
scriptional bursting of 19 other genes follows a Poisson distribution 
[10]. Of note, the kinetics of transcription burst correlates with the burst 
of protein synthesis [22]. The variance in ON/OFF states, known as the 
two-state model, influences the kinetics of mRNA synthesis and copy 
number, resulting in cell-to-cell diversity [1,10,23,24]. However, it is 
unclear whether the ON or OFF states of the lac promoter play a critical 
role in distinct E. coli growth stages. 

In our study, we employed the MS2-GFP method to quantitatively 
analyze the lac promoter's ON/OFF states across distinct growth phases. 
The benefit of the MS2-GFP technique over others, like FISH (fluorescent 
in situ hybridization) or biochemical approaches, is that it can detect the 
synthesis of single mRNA as well as the burst of many mRNAs over time 
and growth phase in live bacterial cells. [1,23,25]. Using this method, 
we have previously shown that the activation of the lac promoter or lac/ 
ara1 promoter, which is a variant of the lac promoter, with varying 
concentrations of inducer, can have varied effects on transcription ki
netics, and that the process is regulated via both upstream and down
stream regulatory sequences Furthermore, we demonstrated that 
transcriptional bursting of the lac promoter is dependent on the avail
ability of nutrients and energy sources in the environment [28]. How
ever, these experiments failed to yield significant insights into the 
biophysical properties of the first transcriptional event, as well as the 
status of both ON/OFF states across different stages of growth in bac
teria. To address this in this study, utilizing the wild-type lac promoter of 
E. coli and its variants as model genetic systems, we measured the ON/ 
OFF-kinetics of the first transcriptional event and characterized its 
involvement in the kinetics of subsequent transcription events during 
distinct growth phases. Furthermore, we studied the role of upstream 
and downstream regulatory regions in the ON/OFF kinetics of the first 
transcriptional event. Our data indicates that the time taken for the first 
transcription burst is not consistent with the interval between suc
ceeding burst events. Furthermore, by quantifying the real-time pro
duction of mRNA numbers during bursting events, we were able to 
demonstrate that the kinetics of ON-OFF-state is a major contributor to 
mRNA variation across distinct growth phases of E. coli. Taken together, 
our findings suggest that bacterial cells modulate their bet-hedging-like 
strategy in different growth phases primarily by modulating the 

dynamics of the first transcriptional event, and that upstream and 
downstream regulatory regions of the promoter play an important role 
in the ON/OFF-kinetics of transcription regulation. 

2. Material and methods 

2.1. Strains 

Escherichia coli (Dh5α-PRO), as a host was used to explore the gene 
ON/OFF kinetics throughout different growth phases. To investigate 
mRNA transcription at the single cell level, we created two strains. The 
first strain was co-transformed with two plasmids: 1) A single-copy 
bacterial artificial chromosome, pTRUEBLUE-BAC2 (ChlR), expressing 
the mRFP1 gene, accompanied by 96 target binding sites (96xbs) for the 
MS2 protein, whose expression is controlled by the wild-type lac pro
moter. CAP binding is present upstream to the Catabolic Activator 
Protein-CAP site and the Operator 1 site downstream for lac repressor 
binding [23]. Cyclic AMP (cAMP) induces CAP, whereas isopropyl-D-1- 
iogalactopyranoside (IPTG) induces lac repressor; 2) a medium-copy 
reporter plasmid, pPROTET.E (KanR), which expresses bacteriophage 
MS2 coat protein tagged with green fluorescent protein coding gene 
(GFPmut3) under the control of PLtetO-1 [23]. In the second system, the 
reporter plasmid is identical to the one before, but the target plasmid 
expresses 96 target binding sites (96xbs) for MS2 protein pursuant to the 
control of a lac variant promoter designated lac/ara1. This promoter 
contains an araI1-I2 binding site for araC in the upstream and lac 
Operator 1 binding site for lac repressor in the downstream (all plasmids 
are generously provided by Ido golding) [1]. Liquid LB medium 
composed tryptone (10 g/L) (T7293-Sigma Aldrich-USA), yeast extract 
(5 g/L) (MC 001-LabM-UK) and NaCl (10 g/L) (S3014-LabM-UK) was 
used to grow the cells. Antibiotics are added whenever appropriate. 

2.2. Cells phases determination and gene activation 

The generation time and growth phase of DH5a-PRO were deter
mined by growing it overnight in a rotating shaker at 30 ◦C with aeration 
at 250 rpm speed. The cells were subsequently diluted in fresh LB media 
to get OD 600 of 0.05 using a spectrophotometer. (Ultraspec 10-Amer
sham Biosciences). Cells were cultured at 37 ◦C continuous agitation 
at 250 rpm and the cell growth was assessed every 30 min. OD600 data 
had been used to estimate the generation time, as indicated in prior 
studies. [29]. The growth phase was calculated by Jacobs Monod's study 
using cell division time, i.e., initial cell growth - Lag phase, acceleration- 
Acc phase, exponential-Exp phase, retardation-Ret phase, and 
stationary-Sta phases [30]. 

To study the dynamics of ON/OFF states of lac and lac variant pro
moter, cells were induced with the inducer in that particular phase over 
different growth phases. To detect the mRNA molecules, reporter gene 
was activated with 50 ng/mL of anhydrotetracycline (aTc) (lot number 
2–0401-001, IBA GmbH, Germany) followed by 20 min of incubation for 
induction. Since aTc is light sensitive, care must be taken during 
experiment. Full induction of Plac was achieved by the activation of the 
downstream promoter region (DRS) with 1 mM IPTG (L6758-Sigma 
Aldrich-USA) and upstream promoter region (URS) by endogenous 
cAMP [23]. For the induction of Plac/ara1, L-arabinose(0.1 %) (A3256- 
Sigma Aldrich-USA) and IPTG (1 mM) were used for URS and DRS 
activation, respectively [1]. In the case of Plac/ara1, depending on the 
induction scheme, the promoter was activated either by URS or DRS 
using corresponding inducers. For the time trace experiments, cells were 
induced with aTc, as mentioned above, and corresponding inducers for 
10 min following the induction scheme of the target promoter. Cells 
were centrifuged prior to the division time and observed under a mi
croscope over the duration of 120 min. In order to measure the first 
event of transcription, we have observed the cells immediately after the 
division in all the growth phases. 
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2.3. Fluorescence microscopy of live cells 

As previously mentioned, reporter and target promoters were trig
gered to measure mRNA production in real time. Cells were positioned 
between a LB-agarose gel pad (1 %) and a coverslip in a FCS2 
temperature-controlled perfusion chamber (Bioptechs) and kept at 37 ◦C 
for measurement. The pad was provided with the necessary inducers to 
sustain the experimental conditions in time-lapse microscopy. The 
generated mRNA molecules in the cells were imaged using an inverted 
fluorescent microscope (Nikon, Eclipse Ti-E) with an oil immersion 
objective (100× N.A. 1.49). The microscope was outfitted with Nikon's 
Perfect Focus System and other accessories to maintain the cells in po
sition during imaging process. Pictures were collected at 1 min interval 
with the inbuilt microscope software (Nikon). The fluorescence was 
measured using laser filter at 488 nm (Melles-Griot) and a detection 
filter at 515/30 nm. Images were acquired with a laser power of 12.19 
kW/cm2 and a pixel well time of 0.96 μs. For quantitative and statistical 
analysis, biological repeats (n = 3) and technical repeats (n = 9) were 
used for each experimental condition. 

2.4. Cell segmentation and image processing 

Images acquired from the fluorescence microscope were processed 
using Matlab-2013b. Cells were detected using the semi-automatic 
method as described in [7,15]. In this method, a region where each 
cell resides during the time series was manually indicated. Next, loca
tions and size of the cells was determined using principal component 
analysis. For this, the intensity is assumed to be uniformly distributed 
inside the cells, and zero outside of them. Kernel density estimation and 
Otsu thresholding methods were then implemented to segment RNA 
spots. Otsu thresholding method is based on the following principle: the 
image to be segmented consisting of two regions foreground and back
ground. The threshold value has been selected in such a way that the 
intraclass variance is minimized. Spot detection algorithm detects 0.74 
% of false positive and 2.9 % of false negative spots. It was done by 
manual counting to calculate the percentage of positive and negative 
spots. 

To observe RNA production kinetics over the time, segmented cells 
with closest centroid values were connected in lineage across the time 
duration of two hours. The centroid can move due to cell growth. Hence, 
for a lineage construction, the results were inspected manually. It was 
done in a frame by frame of every one-minute interval images. Also, the 
division time was observed by eye and segmentation was done manually 
to make sure that the lineage construction was perfect. An absolute total 
intensity of spots after subtracting background intensity was done fol
lowed by a piecewise linear function as the experiments do not present 
quenching. From the monotonic piecewise curve, the appearance of new 
RNA and the production interval between two transcription events were 
calculated. A new transcription event was indicated by a sudden jump of 
the intensity values. 

2.5. mRNA Quantification 

To measure the intensity of a single mRNA, we monitored the first 
mRNA's synthesis under weak induction. Cells were grown at 37 ◦C with 
250 rpm speed, using aTc for reporter activation and no inducers for 
target mRNA production. We used time series images to track the for
mation of the initial mRNA spot in fifty random cells. The initial RNA 
spot intensity and the mean score of fifty observations were then 
computed. The mean value represents the intensity value of a single RNA 
[23]. Using data from the jump detection method, cell background- 
corrected spot intensities, and the mean intensity of a single mRNA 
molecule, we were able to calculate the number of mRNAs produced 
during transcription events. To evaluate transcriptional bursting 
behavior across different growth phases, we examined the transcription 
events of individual cells growing in the appropriate growth phase. The 

time interval between bursts was also determined using the intensity 
jump. We computed burst size (the total number of mRNA synthesized in 
a burst) and frequency (the incidence of the event in a population) using 
the data. The total number of cells and intervals required to determine 
ON and OFF is shown in supplemental tables 1 and 2. 

2.6. Calculation of first transcriptional (TF) and consecutive events (TC) 

In general, stochastic gene expression can be described by a random 
process of telegraph switching as described in Eq. (1) 

Ω+

OFF <=> ON
Ω−

(1) 

Where, Ώ+ and Ώ- are random gene expression rates between ON and 
OFF states, respectively. Specifically, we consider the joint probability 
that the gene is in the enhanced (+) or basal (− ) expression state. 
Depending on the condition, changes in the duration of these states 
presumably affect the number of the produced transcripts (n). Here, we 
are interested to study the effect of upstream and downstream regula
tory sequences in the dynamics of ON/OFF states. As mRNAs are pro
duced only during ON-state, we can describe the probability of gene to 
be in ON-state using the Eq. (2). 

PON = Ω+
/
(Ω+ + Ω− )T (2) 

where, PON is the probability of the gene being in the ON-state 
changes as a function of time. It represents the activity (A) of the gene 
over the time (T). The gene activity is determined by Eq. (3) 

A = (Ω+ + Ω− )
− 1 (3) 

Burst dynamics are characterized by short periods of high gene 
expression, the frequency of active state (A1), followed by long periods 
of its inactivity (A2). Obviously, the production of mRNA happens when 
PON = 1 and the high mRNA expression is observed compared to low 
mRNA expression of the OFF-period (A1 ≫ A2). Thus, duration of both 
states deviates from Poisson distribution. These fluctuations are quan
tified by the normalized variance using the Eq. (4) [31]. 

σ1
2/{n1

2} ≈ 1
/{

n2
21
/
n1

max* A1
* Ω+ (4)  

where σ1 is the standard deviation of the produced mRNA number 
during ON state. {n1

2} and {n2
2} corresponds to the mean number of 

transcripts in the ON and OFF states, respectively, and n1
max * A1 * Ω+ is 

the time-averaging parameter. By applying the described parameters, 
we measure the duration of ON/OFF states in TF in order to find its role 
and relation to the ON/OFF states in TC. We estimated the time intervals 
of TF and TC for all individual cells produced in various growth stages 
and conditions. In this case, TF denotes the time between the cell divi
sion moment and the beginning of the first burst, whereas TC represents 
the interval between two consecutive transcription events. For TF, we 
strictly traced the daughter cells and measured the initial RNA burst, 
ignoring the others. ON time from the mRNA burst was calculated by 
employing a only one mRNA elongation rate of approximately 25 nu
cleotides/s in vivo, as previously reported [1,23]. Given the target 
mRNA's length of approximately 4000 bases, transcription of a single 
message takes 150 s. Several rounds of transcription can occur from the 
same gene at the same time. In such case, one must expect to see the 
bursting in mRNAs productions after a single burst event. We also 
observed and quantified multiple mRNAs production from single burst 
event. To calculate TON, at first, we quantify mean RNA per burst event 
and the resulting number was multiple with the time required (150 s) to 
transcribe the single mRNA using the Eqs. (5) and (6). 

TON = μ/β* T (5)  

TOFF = βT–TON (6) 
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Here, TON is measured by using the mean number of RNA (μ) pro
duced in a burst (β) and then multiply with the time it takes to transcribe 
single mRNA (150 s). Further, to calculate the transcriptional OFF 
period, ON time was subtracted from the burst interval (βT). This enables 
us to monitor the TON and TOFF dynamics of Plac and Plac/ara-1 during 
the induction and cell phases. 

2.7. Delayed ON/OFF time calculation among TF and TC over the growth 
phases 

Delay is calculated as the difference between TF and TC production 
intervals over the phases using the Eq. (7). We consider the delayed time 
in ON/OFF periods (OND/OFFD) under different inductions. 

OFFD = OFFTF − OFFTC (7) 

where OFFTF and OFFTC are times of TF and TC respectively. 
The delay ON-state in independently stimulated upstream and 

downstream genes has been estimated using the following Eq. (8): 

OND = ONTF − ONTC (8)  

where OND is the delay of ON state duration. TF and TC was represented 
as ONTF and ONTC respectively. 

The delay ON-state in fully induced genes to ON delay time in 
independently induced genes has been calculated by following Eq. (9): 

OND = ONF − ONI (9) 

ONF is delayed ON-period in fully induced genes, ONI is delayed ON- 
period in independently induced genes. 

2.8. Independent validation of transcription delay 

To test the transcription initiation delay, we used the strain con
taining Plac/ara-1-mRFP1-96bs and MS2-GFP reporter [25,28,32–34]. 
Precultured cells were induced with aTc (100 ng/ml) and maintained at 
37 ◦C for 1 h with shaking. Cells were grown until the exponential phase. 
An equal volume of the cells were split into several centrifuge tubes. 
Then they were induced with 0.1 % L-arabinose and 1 mM IPTG to 
activate the target promoter. To check the transcription initiation delay, 
we used following induction conditions: As a control, 1) cells were 
induced only with aTc. In other samples, rifampicin was added to the 
cells following induction, after: 2) 5 min, 3) 10 min, 4) 15 min, 5) 20 
min, 6) 25 min. In sample 7) rifampicin was not added. We used 50 mg/ 
mL of rifampicin. The cells were kept at 37 ◦C for 45 min. After placing 
200 μl of cells on a 96-well microplate, the relative fluorescence level of 
mRFP1 protein was measured using Thermo Scientific* Fluoroskan 
Ascent Microplate Fluorometer with excitation/emission wavelength 
(584/607 nm). For all measurements, the cell density in all wells 
remained constant. We conducted three independent experiments, with 
replicates (n = 3) for each condition. 

2.9. Production interval noise 

Transcriptional noise was calculated in both TF and TC by estimating 
the mean of production intervals over the variance, coefficient of vari
ation. It was done for transcripts produced from Plac and Plac/ara-1 under 
different induction conditions over the phases. 

3. Results and discussion 

3.1. The association between ON-OFF periods in TF and TC 

The ON/OFF two-state model is a widely allowed method of tran
scription regulation [1,10]. However, the kinetics of TF and TC i.e., first 
transcription event and consecutive transcription events, respectively, 
over different growth phase of the cells remain unclear. To address this, 

we detected single mRNA molecules upon promoter stimulation, as re
ported in the methods section (Fig. 1A). We studied the distribution of 
the first and subsequent transcriptional events by monitoring production 
intervals in individual cells. To classify additional gene activity, we 
estimated the ON and OFF durations of the production intervals and 
mRNA numbers, as described in the methods. Results presented in 
Fig. 1B, C and D showed that in cells that are grown at exponential 
phase, the OFF-duration was longer in both TF and TC compared to the 
ON-state, in line with the two-state model. Next, we extended our study 
by observing an association between the ON and OFF states in TF and 
TC. Interestingly, we have noticed that TF OFF was twice longer than TC 
ON (Fig. 1C), while ON-period resembles Gaussian distribution. The 
appearance of bimodal distribution in TF events suggest that a sub- 
population of cells take short period while the other take a longer 
period. These behaviors could be due to several reasons including the 
lack of availability of transcription factors, inducers etc. However, the 
bimodal distribution was not observed in the data of ON periods sug
gesting that the frequency of ON state was almost uniform throughout 
the population. Moreover, short fluctuations in OFF-period were fol
lowed by long ON-period and vice versa (Fig. 1C and Fig. 1D). Such a 
counter-relationship between two states may influence the kinetics of 
gene activation. Moreover, changes in the dynamics which can occur in 
different growth phases can potentially affect the cells behavior over 
different growth phases. 

3.2. Modulation of TF ON/OFF states relies on the activation mechanism 
in fast and slow dividing cells 

Bacterial growth phases, including Lag, Acc, Exp, Ret, and Sta, are 
divided into two groups based on cell division time: growth phases with 
faster division time (Lag, Acc, and Exp phases) and growth phases with 
slower division time (Ret and Sta phases). To quantify the ON and OFF- 
durations of TF in distinct growth phases, we tracked the mRNA pro
duction interval across time in rapid dividing cells at Lag, Acc, and Exp 
and slow dividing cells at Ret and Sta growth phase. During the Lag 
phase, the period of OFF time increases and does not vary when stim
ulated by URS (upstream regulatory sequence), and/or DRS (down
stream regulatory sequence) (Fig. 2B). This was followed by an 
immediate ON period, which reached its maximum duration in 
completely activated cells (Fig. 2A). In the Acc phase, the OFF-period 
was reduced, resulting in an increase in ON-state time. Both states 
have the maximum time point (Fig. 2A and B) in fully induced cells. 
Remarkably, cells in full induction had the lowest OFF-period during the 
Exp phase, which dropped even more than in other growth phases 
(Fig. 2B). Furthermore, the ON-state of the Exp phase was found to be 
the lengthiest among the fast-dividing cells (see Fig. 2A). It is worth 
noting that variable OFF-state behavior observed during the Exp phase 
might suggest that division begins to shifts from fast to slow dividing 
rates, as exhibited by the extensive OFF-time length in cells activated by 
URS (Fig. 2B). The shortened OFF-time condition in the Exp phase was 
regulated by inducing URS, which takes less time to activate than 
inducing DRS. This may have an impact on variations in division rate, as 
cells transition from fast to slow division during the Exp phase. We have 
also found an increase in mRNA production following URS activation in 
the cell cycle during the later period, which resulted in a reduced trend 
of ON-time in the subsequent phases (Fig. S2). According to the afore
mentioned trend, OFF-time intervals gradually increased till the cell 
cycle end. This counter-relationship between two circumstances within 
the TF regulates the kinetics of mRNA production of cells throughout 
cell cycle. Our results agree with the previous findings [1] in which ON 
and OFF-periods were shown to fluctuate exponentially. However, our 
observation demonstrates a high variability in the ON/OFF-states of the 
lac promoter variant in cells grown under various induction conditions 
over of different growth phases. 
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3.3. Instability of ON-periods based on OFF-duration in TF and TC 

To observe the gene expression kinetics in a different promoter and 
to test whether our observation on TC and TF follow a general rule, we 
have used the wild-type lac promoter (Plac) to quantify the kinetics of 
ON/OFF in TF across different growth phases. We have observed in the 
first transcriptional event (TF) that the OFF-state duration was found to 
increase from Lag to Exp phases. In Ret and Sta phases OFF-state 
duration decreased in comparison to Exp, while not shown a signifi
cant increase than the Acc (Table 1). However, the OFF state duration of 
Tc decreases from lag to Exp phase, while the Ret phase exhibited higher 
duration compared to Exp and Sta. Although the difference in ON state 
duraion was much smaller, we hypothesized that this smallest variation 
in ON and OFF-periods and their combination to produce mRNAs would 
play a crucial role in determining the total mRNA numbers per cell. To 
validate this, we determined the mean number of mRNAs produced per 
burst during the first transcriptional event, which was expected to 
change similarly to TF's ON-period during the growth phases. As 

expected, we observed an increase in mRNA production at the start of 
the cell cycle, making the population homogeneous. 

Furthermore, our data also indicate that the consecutive transcrip
tional events (Tc) exhibits an opposite behavior to that of TF by dis
playing a decrease in the OFF-period and increase in the ON-period 
(Table 1) leading to an increased mRNA production. Consequently, 
variability in the number of mRNAs consistently reduced from Lag to 

Fig. 1. First transcriptional event representing the ON/OFF kinetics. (A). Production of transcriptional events imaged in a Time-lapse microscopy. Spot indicated by 
arrow shows the transcribed mRNAs. (B). The presence of the first transcription (TF- Black round dots) and the consecutive transcription (TC- gray squares) events 
representing longer inactive (OFF) state and shorter active (ON) state. (C). The anticipated frequencies of the OFF-state distribution as a measure of time demon
strates that TF has a longer mean duration than mean TC. (D). The fit defines the first and mean of successive ON-states of transcriptional events. Faster TF events 
correlate to a longer mean of TC. 

Fig. 2. Different gene activation controlling ON/OFF kinetics of TF over the phases. Upstream, downstream and/both induced Plac/ara-1 with arabinose (0.1 %) and 
IPTG (1 mM). A. ON-state condition of fast dividing cells with varying activation conditions increases Lag to Exp phase. (B). OFF-state condition of fast dividing cells 
in varying induction conditions decreases from Lag to Exp phase. 

Table 1 
ON/OFF kinetics of wild type lac promoter over the phases.   

TF TC 

Phases OFF ON OFF ON 

Lag 14.00 ± 2.32 4.69 ± 0.30 19.33 ± 1.68 3.69 ± 0.31 
Acc 22.37 ± 2.44 3.70 ± 0.19 15.09 ± 2.30 3.63 ± 0.02 
Exp 29.95 ± 2.37 4.14 ± 0.40 9.89 ± 6.34 6.37 ± 0.70 
Ret 23.44 ± 2.98 3.82 ± 0.37 16.98 ± 2.04 4.48 ± 0.20 
Sta 23.06 ± 3.76 3.43 ± 0.12 9.24 ± 4.36 3.95 ± 0.16  
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Stationary phases. This demonstrates that such disparities in behavior 
between TF and TC, especially in case of the lac promoter and possibly 
others, predetermine the behavior of the cell population across the 
growth phases. Thus, the dynamics of the first transcriptional event in a 
varying environment is a critical stage in determining the fate of the cell 
population. 

3.4. Variations in ON/OFF periods in TF and TC across growth phases 

Next, we have examined whether the activation of transcription by 
URS or DRS of the promoter affects mRNA production dynamics by 
regulating the ON/OFF mechanism. We first followed mRNA production 
events by activating the URS of the promoter. Fig. 3A shows that both TF 
and TC of the OFF-period followed a similar trend. Of note, the duration 
of the OFF-period decreased towards the exponential phase, which then 
increased during stationary phase. We also have activated the promoter 
via the DRS, wherein here also the TF and TC of the OFF-state followed a 
similar trend. The duration of this state was found to be decreasing when 
approaching the Acc phase, followed by an increase towards the Ret 
phase and eventually decreased in the Sta phase (Fig. 3B). Under full 
induction, both TF and TC of the OFF-state showed a decreasing trend in 
the early phases up to the Exp phase, while an increase was observed in 
the Ret and then decreases in Sta phases (Fig. 3C). Taken together, the 
data presented above suggests that the growth phase affects TF and TC of 
the OFF-state in a similar fashion in all conditions. 

In the ON-periods, TF and TC were negatively correlated with the TF 
and TC in the OFF-periods. We observed shorter OFF and longer ON 
periods, which resulted in higher mRNA synthesis across phases 
(Fig. S1). Furthermore, we have discovered, when the gene is activated 
just through the URS, there appears a longer ON-period than in the case 
of DRS and during complete induction. More notably, by activating URS 
and DRS independently in fast and slow dividing cells, we discovered 
that DRS regulates the OFF period of fast dividing cells, but URS has a 
bigger impact on slow dividing cells. This shows that the gene can be 
stimulated by independent RNAPs from both URS and DRS (synergism) 
concurrently or by competing with them other. (antagonism) [5,22,35]. 

Previous studies have suggested that differences in single transcripts, 
in particular, if the transcripts are synthesized in very low copies, could 
determine population switching [30,36,37]. Further evidence suggest 
that single transcriptional events can determine the protein numbers, 
which was regulated by the architecture of the promoter [4,22]. Inter
estingly, we have noticed a delay in TF than the TC in both Plac and Plac/ 

ara1 (Fig. 4, Table 1). We also explored into how TF and TC frequencies 
alter mRNA levels by modulating the ON/OFF kinetics. To accomplish 
this, we examined the frequency of mRNAs produced per burst in each 
development phase as a function of the induction protocol. We found an 
inverse association between OFF length and burst frequency, as well as a 
direct relationship between ON period and burst size. Furthermore, we 
discovered that the OFF-period had a greater influence on TF than TC. 
(Fig. S4). 

3.5. Reduced mRNA noise due to transcription delay 

We also want to comprehend the dynamics of delayed ON/OFF states 
in TF across distinct growth phases. To determine the delay in ON/OFF 
states, we computed the difference between ON/OFF in TF and TC under 
various inductions. We discovered that the delay in ON/OFF-periods 
was primarily regulated by URS activation in the fast-dividing cells, 
which took the relatively less time to be initiated (Fig. 4A and Fig. 4B). 
On the other hand, in slow dividing cells, the OFF-state delay was 
affected mainly by URS for Ret phase, and DRS for Sta phase. (Fig. 4A). 
However, DRS activation modulated the ON-state latency (Fig. 4B). The 
dissemination of gene activation types, as well as the division periods in 
the cell cycle, demonstrated a compensatory and cooperative approach 
of both conditions during transcriptional activities. Of note, the dy
namics of the lac variant promoter over different growth phases closely 
resembles the behavior of DRS activation. This might be due to two 
reasons, i) DRS functions as a strong gene activator, due to its strong 
influence on mRNA copy numbers, and ii) its dynamics follows a similar 
trend to that of the lac promoter (Fig. 4B). Overall, such comprehensive 
regulation is significantly crucial in the determination of mRNA quan
tities in the cell population. 

Next, the rate of transcription delay was assessed in live E. coli cells 
using a transcription inhibitor, Rifampicin. To that purpose, we intro
duced rifampicin to exponentially developing cells that expressed Plac/ 
ara-1 by complete induction for 5 to 25 min. We selected to treat 
rifampicin from 5 to 25 min based on the average production interval 
time of the initial transcription event, which was around 22 min. 
Furthermore, the average OFF-period was 15 min, suggesting that the 
gene begins to generate mRNA after that time. So, we determined that 
addition of rifampicin before 30 min is an adequate amount of time to 
detect the delay. Fig. 4C shows that the normalized protein signal 
abundance dropped quickly after the administration of rifampicin. After 
5 min, the signals of the cells treated with rifampicin were equivalent to 
the no-induction condition (leaky induction). From 10 to 25 min, 
growing signals were seen, and at 25 min, the signal was similar between 
cells with and without rifampicin. No overlap was observed for the cells 
that were exposed with rifampicin for 15 and 25 min. As expected, when 
RNAP was stopped before 15 min, the first transcription event in the 
majority of cells remained unaffected. This could be owing to the fact 
that rifampicin inhibits promoter clearance, i.e. transcription initiation 
[38]. Thus, these independent observations add to our findings using the 
single molecule detection method. Because the observed signals are the 
result of translation, they also show that transcriptional changes affect 
protein quantities in cells. 

We then investigated the influence of TF to mRNA noise (Fano fac
tor) across each of the growth phases. We have calculated the fold 
change between the noise of TF and the noise of Tc at each phase in all 
the conditions. To reveal the effect of independent inductions, i.e., IPTG 
and arabinose, to the fully induced lac/ara-1 promoter, we have sub
jected the fold change values to logarithm base 2. We observed that the 
noise generated by the TF is less than the noise generated by the TC in all 
the conditions and in all the growth phases (Fig. 5A) as the fold change 

Fig. 3. Activation-dependent ON/OFF kinetics changes between TF and TC. (A). ON and OFF for TF and Tc during activation of upstream only expressed as mean 
period time. (B). Plac/ara1 activation from downstream region showing similar trend of TF and TC OFF condition. (C). Full induction of Plac/ara1 revealing the similar 
trend in both TF and TC OFF. Data were analyzed by the χ2 test for the trend between groups. * p < 0.05, significant difference between the tested groups. 
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values were less than one. It suggests that the delay in TF plays a crucial 
role in generating mRNA noise and thus leading to population hetero
geneity. This finding is in agreement with mRNA copy number distri
bution in the cells, where mRNAs were produced in high copy numbers 
during the consecutive transcriptional bursts than the first transcrip
tional event [3]. Such an increase in the mRNA number from first to 
consecutive productions directly influences the noise level. Also, we 
have found that the growth phase-dependent behavior of the lac pro
moter and lac variant promoter are similar (Fig. 5A). 

Next, we have investigated how independent activation of upstream 
and downstream regulatory sequences affect noise levels in TF and Tc. 
We have noticed that the values of the fold changes over the growth 
phases in lac and the lac variant promoters are related to the noise 
produced by the DRS. The folds changes demonstrate that URS activa
tion was noisier than DRS, over the cell cycle (Fig. 5B). These findings 
lead to a number of significant conclusions. Firstly, the noise generated 
during TF was less than the noise generated during Tc, which indicates a 
possible influence of TF on the behavior of Tc. Next, we have noted that 
independent activation of URS or DRS changes the level of noise in the 
lac promoter. In particular, closer fold changes of noise between the lac 
promoter and DRS of the lac variant reveals that the DRS plays a crucial 
role in regulating noise, which is in agreement with our previous ob
servations [3,25]. Overall, the data presented above implicates DRS as a 
major player in determining the number of mRNA's produced in bursts. 
Additionally, our data further implicate a role for URS in TF and Tc noise 
levels. Thus, the observed results qualify and quantify the TF and Tc 
kinetics in the lac promoter and the lac variant over different growth 
phases. 

4. Conclusions 

In conclusion, our in vivo observation on mRNA synthesis demon
strates that ON/OFF-kinetics, which determines transcriptional delay 

can be altered in different growth phases. Importantly, we have 
observed that changes in the duration of ON/OFF-state are anti- 
correlated in TF and TC. We speculate that the bacteria uses ON/OFF- 
switch as a controlling strategy to regulate the transcription kinetics 
to generate diverse population, which could be a bet-hedging strategy 
for survival under rapidly changing environments. If a cell fails to 
generate adequate mRNA molecules, the total protein concentration is 
affected, and the TF delay was waged by TC. Earlier investigations have 
demonstrated that, in a mixed population, cells with a single tran
scription event create fewer mRNA and proteins, whereas cells with 
several transcription events produce more mRNA and eventually more 
proteins. [36,37,39]. These changes explain the emergence of two mixed 
populations. Our findings also pave the way for further research into the 
role of transcription ON/OFF kinetics in the protein burst of numerous 
regulatory operons. We have also found that if the cells produce more 
than one event, it could compensate mRNA quantity thereby modulates 
the ON/OFF time. Thus, cells with several events can maintain their 
population. As a result, we can deduce that TF regulates future cell-to- 
cell variability. We underline that our approach may be utilized to 
study the dynamic aspects of ON/OFF periods in TF and TC for any gene 
at the transcriptional level. 

CRediT authorship contribution statement 

Muhammad Shoaib: Writing – original draft, Visualization, Vali
dation, Methodology, Formal analysis, Data curation. Akshaya Mur
ugesan: Writing – review & editing, Writing – original draft, 
Visualization. Sandhanasamy Devanesan: Writing – original draft, 
Visualization, Software. Mohamad S. AlSalhi: Writing – original draft, 
Visualization, Software. Meenakshisundaram Kandhavelu: Writing – 
review & editing, Writing – original draft, Visualization, Supervision, 
Resources, Investigation, Conceptualization. 

Fig. 4. Delayed kinetics of ON/OFF time over the growth phases. (A). OFF time difference between TF and TC duration in both upstream and downstream induction 
condition showing similar trend over the growth phases. (B). ON time difference between TF and TC in both upstream and downstream induction showing similar 
trend over the growth phases. (C). Estimation of transcription delayed time upon addition of rifampicin to the cells after the induction of Plac/ara1 promoter. 

Fig. 5. Estimation of fold change in noise: (A) Reduced noise during TF and increased noise during Tc as fold change (<1) in all the conditions. (B) Log value with the 
base 2-fold change showing greater contribution during the downstream activation of noise in lac promoter than the upstream activation. 
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