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MICROBIOLOGY

Premature transcription termination modulates
stochastic gene expression in bacteria

Shafagh Moradian't, Nida Ali't#, Rahul Jagadeesanz, Volker Behrends?,

Andre Sanches Ribeiro?, Christoph Engl1*

Bacteria regulate transcription by controlling its initiation and prematurely terminating it through attenuation.
Transcriptional regulation produces RNA bursts defined by size and frequency. While bursting via regulated initia-
tion is well characterized, how attenuation shapes burst dynamics remains poorly understood. We show that in
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Escherichia coli, attenuation combined with regulated initiation in the tryptophan operon (trp) modulates burst
size and frequency, producing switch-like transitions in transcriptional activity between the tryptophan pres-
ence and absence. In Bacillus subtilis, lacking regulated trp initiation, attenuation modulates burst size, gradually
changing transcriptional activity as the tryptophan concentration increases. These distinct architectures may re-
flect adaptive strategies: B. subtilis maintains highly expressing cells over a wider tryptophan range, likely benefi-
cial in soil where tryptophan is scarce and unevenly distributed, while E. coli enables rapid repression suited to
fluctuating gut environments. Notably, trp transcription is not strictly cell-autonomous. Highly expressing cells
can suppress transcription in neighboring cells, revealing intercellular regulation and supporting community-

level cooperation.

INTRODUCTION

In both bacteria and eukaryotes, transcriptional output often occurs
in bursts, short episodes of mRNA synthesis interrupted by periods
of transcriptional silence (I1-8). This transcriptional bursting gives
rise to substantial cell-to-cell variability in mRNA levels, even among
genetically identical individuals in homogeneous environments (5-10).
Such noise in gene expression facilitates phenotypic heterogeneity,
enabling bacterial subpopulations to survive unfavorable conditions
such as antibiotic exposure or nutritional depletion (11, 12).

Recent studies have made considerable progress in linking tran-
scriptional bursting dynamics to promoter architecture and transcrip-
tion initiation mechanisms (2, 10, 13-20). However, postinitiation
regulatory mechanisms, such as the premature termination of tran-
scription, remain underexplored in this context, particularly regard-
ing how they influence bursting kinetics at the single-cell level.
Addressing this gap is critical to better understand the relationship
between gene regulation mechanisms and cellular adaptations. In
these conditions, many biosynthetic operons, including those re-
sponsible for amino acid production, are subject to premature ter-
mination of transcription (21, 22).

A classic model for premature termination of transcription is the
tryptophan operon (trp), which regulates tryptophan biosynthesis
(23-28). Despite the conservation of the operon across species,
Escherichia coli and Bacillus subtilis have evolved distinct regulatory
mechanisms (Fig. 1) (29). In E. coli, the trp operon is regulated by
both repression at the level of transcription initiation via the TrpR
repressor and attenuation, acting at the postinitiation stage, through
the TrpL leader peptide-mediated formation of a transcriptional
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terminator (28, 29). By contrast, B. subtilis primarily relies on posti-
nitiation attenuation mediated by TRAP (trp RNA-binding attenua-
tion protein) without a transcriptional regulator acting at initiation
(23, 30-33). These differing regulatory strategies provide an ideal
comparative model to investigate how single-layer [postinitiation
only (PI)] versus dual-layer [initiation and postinitiation (I + PI)]
control influences transcriptional noise and bursting behavior.

In both organisms, the trp operons are transcribed from promot-
ers controlled by housekeeping sigma factors, ”” in E. coli and * (a
member of the 6”° family) in B. subtilis. In bacteria, 6’*-dependent
promoters drive burst size-modulated transcription when regulated
at initiation, producing mRNA in episodic bursts (2, 13). Transcrip-
tional noise in such promoters, however, often decreases at higher
expression levels (9, 13, 14). To date, the effect of premature termi-
nation by transcription attenuation on noise and bursting in these
promoters remains poorly understood and is the focus of this study
(2, 13).

RESULTS

Single-layer transcriptional regulation by attenuation allows
the persistence of highly expressing subpopulations

To compare the effects of postinitiation-only regulation versus a
dual-layered mechanism involving both transcription initiation and
postinitiation control on transcriptional activity, we used wild-type
(WT) strains of B. subtilis and E. coli, referred to throughout this
article as PI (postinitiation only) and I + PI (initiation and postini-
tiation) (34, 35). Transcriptional heterogeneity and burstiness were
measured across populations exposed to varying concentrations of
tryptophan: 0, 5, 50, and 100 uM, denoted as 0, 1%, 10X, and 20X,
respectively. This experimental approach enabled us to relate the
regulatory architecture to the transcriptional variation across the
bacterial population under progressively stronger repression. We used
single-molecule RNA (smRNA) fluorescence in situ hybridization
(FISH) (36) to quantify trpE mRNA expression at a single-cell and
single-molecule resolution. Representative single-molecule RNA

10of 14

970T ‘91 dun( U0 UOPUOT ISIA\ JO AJSIOATU[) J& SI0°00UDIOS MMM //:SANY WOLy papeo[umo(


mailto:c.​engl@​qmul.​ac.​uk
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aed0831&domain=pdf&date_stamp=2026-05-15

SCIENCE ADVANCES | RESEARCH ARTICLE

E. coli / tpl o . tmEDQBR

DNA 4
I+PI TroR Tryptophan

\ Ribosome (j

' High 5 : .
‘ { tryptophan > mRNA 1 — 2 _
Terminator
@)
Low 5,4@ 243 tpEDCBA. ,,
tryptophan =~ MRNA™~— Anti- /
terminator

B. subtilis

(S

PI\ Tryptophan__ O
l j High 59 Tl S
‘ ’ tryptophan MRNA TRAP Terminator
O
Low 5— t EDCFBA
tryptophan = MRNA Anti-
terminator

N

tmEDCFBN

-

Fig. 1. Dual-layer versus single-layer transcription regulation strategies of the trp operon. Schematic of the dual-layer (I + PI) regulation in E. coli and the Pl regula-
tion in B. subtilis. In E. coli, tryptophan-activated TrpR inhibits transcription initiation by RNA polymerase (RNAP) through binding to the operator region upstream of the
structural genes. At the postinitiation level, high levels of charged tRNA"™ promote rapid ribosome translation of trpL region 1, which favors the formation of the termina-
tor (3:4) hairpin, leading to transcriptional attenuation. Under tryptophan limitation, TrpR remains inactive, allowing RNAP to initiate transcription, and ribosome stalling
at region 1 due to reduced charged tRNA"™ availability enables the formation of the antiterminator hairpin (2:3), resulting in transcriptional read-through of the operon.
In B. subtilis, RNAP initiates transcription constitutively, and regulation occurs solely at the postinitiation stage. Tryptophan-activated TRAP binds to the leader mRNA to
promote terminator hairpin (C:D) formation, which prematurely terminates transcription. Under tryptophan limitation, TRAP activity is reduced because fewer TRAP com-
plexes are loaded with tryptophan and therefore competent for RNA binding. Anti-TRAP further inhibits any residual tryptophan-activated TRAP by preventing its interac-
tion with the leader RNA, thereby allowing the antiterminator (A:B) to form and transcription to proceed into the downstream structural genes of the operon.

FISH (smRNA FISH) images targeting trpE transcripts in B. subtilis
and E. coli are shown in figs. S1 and S2.

To assess how regulatory strategies shape transcript output at the
single-cell level, we analyzed the single-cell trpE mRNA probability
distributions (Fig. 2A). The mean and standard deviation of trpE
mRNA per cell in each condition and strain are provided in table S2.
Under tryptophan starvation, both modes showed heterogeneous
expression, but the maximum output differed: I + PI cells produced
up to 27 transcripts, while PI reached 49. This suggests that the ad-
ditional layer of repression at transcription initiation in the I + PI
system not only reduces the proportion of transcriptionally active
cells but also constrains their transcriptional output capacity. With
added tryptophan, I + PI cells maintained only one or two tran-
scripts, eliminating high expressors from the population, whereas PI
retained a subpopulation of cells with more than five transcripts even
at 20X tryptophan, indicating incomplete silencing despite strong
attenuation signals. These preadapted cells, defined here as cells that
maintain elevated trpE transcript levels under tryptophan-rich

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

conditions, may provide a survival advantage at the population
level during depletion of environmental tryptophan by creating a
reservoir of cells able to rapidly resume biosynthesis when trypto-
phan availability collapses.

Cells were characterized as transcriptionally silent if they did not
contain any trpE mRNA molecules. Even in the absence of any exog-
enously supplemented tryptophan, only a subset of cells exhibited
trpE expression (Fig. 2B). This persistence of a transcriptionally silent
subpopulation under tryptophan-starved conditions was observed in
both regulatory modes, but the proportion of inactive cells was dou-
ble in the dual-layered regulatory system (I + PI), where 84% of
cells were inactive, compared to 42% in the single-layer PI model.

Statistical analysis confirmed that the differences in the percent-
age of transcriptionally inactive cells between the I + PI and PI regu-
lation modes were significant under both 0 and 1X tryptophan
conditions (P = 0.026 and P = 0.019, respectively). As extracellular
tryptophan concentrations increased, both modes exhibited an in-
crease in the proportion of transcriptionally inactive subpopulation.
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Fig. 2. Impact of single- and dual-layer transcriptional regulation on trpE transcriptional heterogeneity. | + Pl (E. coli) and PI (B. subtilis) cells were cultured with 0,
1%, 10X, or 20X tryptophan (0, 5, 50, and 100 pM, respectively), and single-cell trpE mRNA counts were obtained using smRNA FISH. (A) Single-cell mRNA probability
distributions of | + PI (top panel) and PI (bottom panel). (B) Percentage of transcriptionally silent cells (0 mRNA). Asterisks indicate statistical significance assessed by a
two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. (C) Model proposing that tryptophan cross-feeding results in inconsistencies in ex-
pression of biosynthetic genes: Active cells synthesize tryptophan and provide it to recipient cells, which then down-regulate trpE transcription, creating heterogeneity.
(D) Left panel: Fluorescence images of WT and GFP-labeled AmtrB cocultures. trpE mRNA molecules were quantified in WT cells grown either alone or with the highly
trpE-expressing AmtrB mutant. Scale bar, 30 pM. Right panel: Violin plots showing single-cell trpE mRNA distributions in monoculture versus coculture in WT cells with
>1 trpE transcript. The plots demonstrate variability and overall distribution of trpE expression. A Mann-Whitney test was performed to assess statistical significance
(P < 0.0001). Error bars depict standard deviations. ns, not significant. *P < 0.05; ***#*P < 0.0001.

However, the magnitude and sensitivity of this response are more
pronounced in the I 4+ PI mode, indicating that dual-layered regu-
lation provides a greater capacity to shift transcriptional activity
across the population in response to metabolic cues. In contrast, the
PI system showed a more gradual, dose-dependent increase in tran-
scriptional inactivation.

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

Highly trpE-expressing cells suppress trpE transcription in
recipient cells

The persistence of trpE-nontranscribing cells during tryptophan star-
vation, shown in Fig. 2B, is unexpected, given the amino acid’s essential
role in growth. One explanation is the uptake of tryptophan produced
by neighboring trpE-active cells. We therefore asked whether high trpE
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expressors [here labeled with green fluorescent protein (GFP) to
discriminate from W cells] could supply sufficient tryptophan to
suppress transcription in recipient WT cells, allowing a silent sub-
population to persist even without external tryptophan (Fig. 2C).
First, we asked whether tryptophan could be released by trpE-
expressing producer cells and taken up by auxotrophs lacking trpE
(fig. S3). Extracellular amino acids were measured in E. coli and
B. subtilis WT cultures grown in minimal media, revealing the pres-
ence of tryptophan in supernatants of both species (table S1). This is
unlikely to result from cell lysis: Intracellular tryptophan in E. coli
is <1% of aspartate, yet abundant intracellular amino acids such as
aspartate, lysine, and arginine were absent from the supernatant,
indicating selective metabolite release. Other costly amino acids,
including phenylalanine and tyrosine, were also detected, suggesting
cross-feeding of metabolically expensive compounds. The growth
of AtrpE auxotrophs on WT spent medium, but not fresh minimal
medium, confirmed that tryptophan was released and available for
uptake (fig. S4). Together, these data demonstrate that trpE-positive
producer cells can release tryptophan into the extracellular environ-
ment and it can subsequently support the growth of trpE-negative
nonproducer cells, suggesting the possibility of cross-feeding.
Notably, our data further suggest that cross-feeding can act as a
regulatory mechanism of gene expression, enabling transcriptional
cross-talk between cells. Using B. subtilis coculture as a model, we
found that the presence of highly trpE-expressing AmtrB cells
(lacking transcription attenuation protein TRAP) suppresses trpE
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transcription at the native chromosomal locus of WT cells (Fig. 2D).
Single-cell analysis revealed a 46% decrease in mean trpE mRNAs
per WT cell in coculture with AmtrB. The fraction of transcription-
ally silent cells increased by 12%, while highly (>5 mRNAs) and ul-
trahighly (>30 mRNAs) expressing WT cells were reduced or
eliminated (fig. S5). This suppression in WT cells likely reflects en-
hanced tryptophan supply by AmtrB cells, which triggers TRAP-
mediated attenuation of trpE transcription in WT cells. Together,
these findings show that cross-feeding does not merely support
auxotrophic growth but can directly alter transcriptional states
within a population, providing a previously unrecognized source of
cell-to-cell variation through metabolite-driven regulatory interac-
tions between cells.

Dual-layer transcriptional regulation drives abrupt shifts in
noise and bursting

To assess how postinitiation mechanisms combined with repres-
sion at initiation shape transcriptional noise, we quantified trpE
transcriptional noise in the I 4 PI (dual-layer) and PI (single-layer)
modes. Tryptophan supplementation increased noise in both modes.
Notably I + PI consistently showed higher noise across all concen-
trations, including 0 tryptophan, indicating that dual regulation in-
herently promotes greater noise in gene expression regardless of
environmental tryptophan availability (Fig. 3A). In PI, noise increased
gradually with tryptophan concentrations, whereas in I + PI, noise
remained relatively high across the same range.
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Fig. 3. Comparison of noise and bursting of single- and dual-layer transcriptional regulation. (A) Noise (CV* = 6%/i%, where o represents the standard deviation of
the measured mRNA levels, and pi is the mean) and (B) burstiness (Fano factor F = 6/p) of trpE transcription under each tryptophan concentration (left) and as a function
of the mean trpE mRNAs per cell (right). CV2 and F were calculated from the mean and standard deviations associated with the mRNA expression levels acquired from the
data output from smRNA FISH. The line at Fano = 1 distinguishes bursty event patterns (values above the line) from nonbursty patterns (values below the line). Nonlinear
one-phase exponential decay regression was applied to the noise and burstiness versus mean mRNA, and corresponding R? values are displayed. Spearman’s rank cor-
relation coefficient (p) and the associated P values are also shown. Error bars in (A) and (B) depict standard deviations.
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Noise in trpE mRNA expression was plotted as a function of
mean expression level and analgrzed using nonlinear regression. The
relationship was strong, with R” values exceeding 0.9 for both I 4 PI
and PI. Spearman’s analysis showed a strong negative correlation be-
tween mean frpE mRNA levels per cell and noise (p = —1.0, P=0.08).
In both systems, noise declined as transcription increased, but the
pattern differed: PI showed a gradual reduction, whereas I 4 PI dis-
played a sharper, more abrupt drop.

Further analysis revealed Fano factors >1 at 0 tryptophan in both
modes of regulation, consistent with bursty transcription (Fig. 3B).
In PI, burstiness declined gradually but persisted above 1 across all
tryptophan levels. In I 4+ PI, however, burstiness dropped sharply
with supplementation, approaching Poisson-like values (~1), re-
flecting a switch to more uniform expression. B. subtilis, which lacks
initiation control, also exhibited Fano factor >1, showing that burst-
iness originates downstream from TRAP-mediated attenuation rath-
er than promoter activity.

Burstiness in trpE mRNA expression showed a strong nonlinear
relationship with mean expression level (R* > 0.9 for both I + PI and
PI conditions). However, correlation patterns differed: PI showed a
strong monotonic relationship (p = 1, P = 0.08), consistent with grad-
ual expression-dependent reduction in burstiness, whereas I + PI
displayed a weaker monotonic trend (p = 0.4, P = 0.8) because of a
plateau followed by an abrupt switch-like increase. Together, these
results indicate that PI regulation produces a graded noise-burst re-
sponse, while dual-layer I + PI regulation enforces an abrupt, switch-
like transcriptional response to the tryptophan presence.

Deconstruction of the Pl regulation system

To determine the molecular regulator of transcriptional noise and burst-
ing in B. subtilis seen in Fig. 3, we examined two central regulators:
TRAP and its inhibitor anti-TRAP (31, 32, 37, 38). Raw smRNA FISH
images show a marked increase in tetramethylrhodamine (TAMRA)
signal in the absence of TRAP (AmtrB) compared with the ab-
sence of anti-TRAP (ArtpA), consistent with constitutive trpE expres-
sion at initiation and loss of postinitiation attenuation (fig. S1).

Figure 4 illustrates the effects of anti-TRAP and TRAP on the
probability distributions of cells expressing one or more trpE mRNA.
In ArtpA and, thus, in the absence of anti-TRAP, increasing trypto-
phan concentrations shift the distribution toward lower mRNA
copy numbers. The probability of observing a single trpE mRNA
molecule per cell remained similar between 0 and 10X tryptophan;
however, at 20X tryptophan, this probability is markedly reduced.
Consistently, 20X tryptophan also results in a pronounced decrease
in the probability of cells containing more than one trpE mRNA
molecule. This effect at 20X tryptophan was less pronounced in WT
cells (Fig. 2A). By contrast, AmtrB cells lacking TRAP showed a
broad expression range of 1 to 100 trpE mRNAs per cell under all
conditions, indicating persistent read-through in the absence of at-
tenuation (Fig. 4). Notably, tryptophan addition reduced the very
highly expressing fraction (>100 mRNA molecules; fig. S7), indicat-
ing that tryptophan imposes an upper limit on extreme trpE expres-
sion even when TRAP is absent.

Figure 5 shows the effect of TRAP and anti-TRAP on transcrip-
tional heterogeneity and bursting dynamics. The mRNA distribu-
tions were fitted with a zero-inflated negative binomial model to
extract burst parameters, as described previously (13). Overlay com-
parisons between the data and model fits are shown in fig. S6.

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

In ArtpA, the fraction of transcriptionally active cells declined
with increasing tryptophan, similar to W', but significance was
only reached at higher concentrations (10x and 20x) (Fig. 5A). This
suggests that anti-TRAP sustains a subpopulation of active cells un-
der tryptophan-rich conditions, maintaining heterogeneity. By con-
trast, AmtrB cells lacking TRAP showed >80% active cells across all
conditions (Fig. 5A), indicating that TRAP is required to establish
and maintain a transcriptionally silent subpopulation in response to
tryptophan. Noise patterns (Fig. 5B) further supported this role.
WT and ArtpA both showed increasing noise with tryptophan, im-
plicating TRAP as a driver of cell-to-cell variability (Fig. 5B). How-
ever, ArtpA displayed higher noise than WT only at 20X tryptophan,
consistent with anti-TRAP acting as a buffer against excessive
TRAP-mediated repression under high tryptophan (Fig. 5B). In
AmtrB, noise was consistently low, confirming that TRAP is essen-
tial for introducing heterogeneity (Fig. 5B).

Bursting behavior was broadly similar between WT and ArfpA,
with moderate decreases in Fano factor at higher tryptophan and
values always >1, confirming bursty transcription (Fig. 5C). By con-
trast, AmtrB exhibited higher burstiness than WT and ArtpA across
all tryptophan concentrations; however, the magnitude of burstiness
varied across conditions. Burstiness was the highest in the absence
of tryptophan and decreased to intermediate levels at 1x, 10X, and
20x tryptophan (Fig. 5C). Thus, TRAP suppresses bursts, while
anti-TRAP exerts minimal effects on burst dynamics. We next used
mathematical modeling (13) to dissect bursting parameters (Fig. 5D).
In B. subtilis, repression (w) was similarly low in the absence and
presence of low levels of tryptophan (1X) and strongly inversely cor-
related with mean trpE transcription (R* > 0.9) as tryptophan levels
increased further. In strains without anti-TRAP (ArtpA), repression
increased already to maximum levels at low tryptophan (1x). In ad-
dition, anti-TRAP appears to modulate the sensitivity to repression
at the transition from no to low levels of tryptophan as ArtpA showed
higher repression even in the absence of tryptophan, comparable to
WT at 10X tryptophan. This indicates that anti-TRAP is required to
prevent premature attenuation when tryptophan is scarce. At 20X
tryptophan, ArtpA repression was most heterogeneous, consistent
with its elevated noise profile (Fig. 5B). Thus, anti-TRAP ensures a
more homogeneous transcriptional response to high tryptophan
levels. In AmtrB, repression remained low regardless of tryptophan,
confirming TRAP as the main factor mediating transcriptional si-
lencing of the trp operon in B. subtilis.

Burst size (Fig. 5D) positively correlated with mean expression
(p=10.93, P <0.0001). WT and ArtpA showed modest tryptophan-
dependent reductions, but removal of TRAP displayed a substantial
increase, demonstrating that TRAP negatively regulates burst size.
Burst frequency (Fig. 5D) correlated weakly and nonsignificantly
with expression (p = 0.54, P = 0.08), suggesting the lack of frequen-
cy regulation. TRAP deletion had a minimal effect on frequency,
although a small ArtpA subpopulation at 20X tryptophan showed
high-frequency bursting, hinting that anti-TRAP may suppress rare
cells with high transcriptional frequency states (Fig. 5D). Overall,
TRAP-mediated attenuation primarily shapes bursting through the
control of burst size (Fig. 5D). Together, these findings show that
TRAP is essential for generating transcriptional heterogeneity and
bursts by driving repression and limiting burst size, while anti-
TRAP fine-tunes system sensitivity and buffers noise under high
tryptophan.
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Fig. 4. trpE mRNA distributions among regulatory mutants of the Pl regulation system. Probability distributions of trpE mRNA per cell in B. subtilis 168 trpC* lacking
anti-TRAP (ArtpA; left-hand panel) and TRAP (AmtrB; right-hand panel) in the presence of 0, 1x, 10x, or 20x (0, 5, 50, or 100 pM, respectively) extracellular tryptophan.

Deconstruction of the | + Pl regulation system

We analyzed E. coli regulatory mutants to dissect the contributions
of transcriptional initiation (TrpR) and postinitiation regulation (at-
tenuation). To isolate the contribution of ribosome-mediated atten-
uation, we used a AtrpR strain lacking the TrpR repressor. In this strain,
transcription is constitutively expressed at the point of initiation,

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

and regulation of transcriptional output occurs through attenuation.
To assess the effect of enhanced attenuation in the presence of regu-
lation by TrpR, we used a AtrpL strain lacking the leader sequence
necessary for ribosome stalling. In this strain, the absence of stalling
leads to constitutive formation of the terminator hairpin, thereby
genetically locking the system into a state of maximal attenuation. A
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Fig. 5. Transcriptional heterogeneity and bursting of regulation by attenuation only. Transcriptional heterogeneity was assessed in strains with either enhancement
(ArtpA) or loss of TRAP-mediated attenuation (AmtrB) compared to the WT strain. The padlock symbol denotes a genetic “lock” state, in which AmtrB cells are transcrip-
tionally fixed in the on-state because of compromised attenuation regulation. Cells cultured with 0, 1, 10x, or 20x tryptophan (0, 5, 50, and 100 pM, respectively).
Transcription of trpE was quantified using smRNA FISH. (A) Percentage of cells in the transcriptionally on state (defined as cells containing >1 trpE mRNA molecules).
(B) Transcriptional noise (CV2 = cz/pz) and (C) Fano factor (F = czlp) calculated from the mean (p) and standard deviation (o) of trpE mRNA copy number per cell. Mean
values + standard deviations are shown for two independent experiments. Statistical analysis was performed using a one-way ANOVA followed by Dunnett’s multiple
comparisons test. (D) Burst kinetics of trpE transcription in B. subtilis strains WT, ArtpA, and AmtrB as a function of the mean trpE mRNAs per cell (top) and under each
tryptophan condition tested (bottom). The error bars represent 95% credible intervals derived from the MCMC posterior distribution. *P < 0.05; #**P < 0.01.
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double mutant (AtrpRAtrpL) lacking both TrpR and the leader se-
quence was used to investigate the effect of maximal attenuation in
the absence of transcriptional repression at initiation. Although a
recent study has identified small RNAs that interact with the trpL 5’
untranslated region in E. coli and may influence trpE expression (39),
our primary emphasis is on repression occurring at the initiation
stage by TrpR and ribosome-mediated attenuation.

Raw smRNA FISH images (fig. S7) showed a marked increase in
TAMRA signal in AtrpR, reflecting constitutive initiation of trpE
transcription. In the absence of TrpR (AtrpR), the E. coli cells exhib-
ited a substantially broader probability distribution of trpE mRNA
per cell than WT (compare Figs. 2 and 6). Increasing tryptophan
concentrations shifted this distribution toward lower mRNA counts.
At 10x and 20X tryptophan, the distribution closely resembled that
of the AtrpRAtrpL mutant at 0 tryptophan, indicating that attenua-
tion alone strongly constrains mRNA output (Fig. 6). In AtrpRAtrpL,
where TrpR-dependent repression of transcription initiation is ab-
sent, transcripts escaped attenuation created by the removal of trpL,
indicating leaky expression; however, increasing tryptophan supple-
mentation markedly suppressed highly expressing cells, demon-
strating that tryptophan sensitivity persists even without TrpR and
trpL. In AtrpL, by contrast, the probability of detecting any trpE
mRNA was zero at 10X and 20X tryptophan and very low at 0 and
1X tryptophan, indicating near-complete transcriptional suppres-
sion under high tryptophan conditions, demonstrating the strong
repressive effect of attenuation and TrpR-dependent control.

Analysis of transcriptional activity (Fig. 7A) further underscored
these differences. In AtrpR, ~70% of cells remained transcriptionally
active across all tryptophan concentrations, showing that attenua-
tion alone cannot silence large subpopulations. AtrpL showed decreas-
ing transcriptional activity with tryptophan, reaching full repression
at >10xX tryptophan. This behavior corresponds to enhanced attenu-
ation, together with increased TrpR activity at higher tryptophan con-
centrations. Consistently, the AtrpRAtrpL double mutant regained
transcription at the same tryptophan concentrations (>10x), con-
firming that initiation-level repression is responsible for the strong
repression in AtrpL. The AtrpRAtrpL mutant resembled AtrpR in
the absence of tryptophan (~79% active) but declined with trypto-
phan supplementation (Fig. 7A). Thus, TrpR primarily dictates pop-
ulation transcriptional activity, with influence by attenuation only
when maximized.

Analysis of transcriptional noise (Fig. 7B) revealed that AtrpL
exhibited elevated noise without and at low levels of tryptophan com-
pared to W'T, peaking at 1, but dropped to zero when fully repressed
(10x to 20x) (fig. S7 and table S2). The AtrpR mutant maintained
low transcriptional noise regardless of tryptophan, while AtrpRAtrpL
showed a moderate increase in noise at high tryptophan (Fig. 7B).
Strains lacking TrpR consistently had lower noise, implicating TrpR
as the main source of variability, with limited impact from geneti-
cally maximized attenuation (Fig. 7B).

Bursting analysis (Fig. 7C) showed that trpE transcription in
AtrpL is nonbursty at 0 and 1X tryptophan. By contrast, trpE tran-
scription in AtrpR and AtrpRAtrpL remained bursty (Fano fac-
tor >1) under all conditions, indicating that the absence of TrpR
restores bursty transcription even with maximal attenuation.

Repression (Fig. 7D) inversely correlated with mean trpE tran-
scription (R* > 0.9). WT and AtrpL showed similarly high repression
with tryptophan. However, in the absence of tryptophan, repression
was higher in AtrpL than in W', consistent with attenuation being
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relieved only under tryptophan starvation (28). Cells lacking TrpR
(AtrpR) showed minimal repression independent of tryptophan,
while additional removal of trpL (AtrpRAtrpL) enabled tryptophan-
dependent repression (Fig. 7D).

Burst size (Fig. 7D) strongly correlated with mean transcription
(p=0.99, P < 0.0001). It was higher in the absence than in the pres-
ence of TrpR and declined with tryptophan supplementation. How-
ever, while, in WT cells, burst size was switched off already at low
levels of tryptophan, burst size gradually decreased with increasing
tryptophan concentrations in AtrpR cells (Fig. 7D). Removal of trpL
reduced the burst size compared to its isogenic parent, yet the over-
all size of bursts was again dependent on the presence or absence of
TrpR. If TrpR was present, removal of trpL (AtrpL) only had an ef-
fect in the absence of tryptophan. Yet, in the absence of TrpR, the
removal of trpL (AtrpRAtrpL) reduced the burst size compared to
AtrpR under all conditions, with a switch-like behavior between the
presence and absence of tryptophan. Overall, our results indicate that
complete repression of burst size requires regulation at initiation
and attenuation (Fig. 7D).

Burst frequency (Fig. 7D) also correlated with expression (p =0.78,
P =0.0009), and in WT, it was switched off in the presence of trypto-
phan. After the removal of TrpR (AfrpR), burst frequency was increased
and no longer responsive to tryptophan. Lack of trpL in the presence
of intact TrpR (AtrpL) prevented burst frequency control under all
conditions. Additional lack of trpL (AtrpRAtrpL) had no major effect
on the elevated median burst frequency observed in (AtrpR); how-
ever, it altered the range of burst frequencies (Fig. 7D). Together, these
data show that transcription of trpE is controlled through coordinat-
ed regulation of both burst size and frequency.

DISCUSSION

Variability in mRNA levels arises from transcriptional bursting, an
inherently stochastic process producing intermittent bursts of tran-
scripts (3, 5-8, 10). These fluctuations are a major source of tran-
scriptional noise in both eukaryotes and bacteria (2, 3, 14, 16, 22).
Most work has focused on transcription initiation, where bursts are
modulated by either frequency or burst size, depending on promoter
architecture (2, 13-18). Early models proposed uniform bursting in
bacteria (14), but growing evidence shows that gene-specific features
modulate bursting dynamics (10, 13, 18). In contrast, how postini-
tiation mechanisms such as premature termination of transcription
via attenuation shape bursting remains poorly understood. Our re-
sults indicate that the regulatory context of transcription attenuation
predicts which burst parameter is tuned, extending noise control
beyond promoter-proximal events. Rather than acting merely as a
downstream brake, attenuation plays an active role in the control of
stochastic gene expression.

Here, we demonstrate that enhancer-independent transcription
can also be regulated by burst frequency through the combined ac-
tion of initiation and attenuation control. Such mechanisms broaden
the landscape of bacterial strategies for shaping phenotypic hetero-
geneity, with direct relevance both for stress adaptation and for en-
gineering of synthetic gene circuits that either minimize variability
or exploit it to diversify population behavior.

We further show that at the native locus of biosynthetic path-
ways, transcriptional states in one subpopulation can influence oth-
ers via metabolic cooperation, revealing a previously unrecognized
source of heterogeneity through metabolite exchange. This diffusible
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Fig. 6. trpE mRNA distributions among regulatory mutants of the | + Pl regulation system. Probability distributions of trpE mRNA per cell in E. coli BW25113 lacking
trpL (AtrpL; left-hand panel), trpR (AtrpR; middle panel), or both trpR and trpL (AtrpRAtrpL; right-hand panel) in the presence of 0, 1%, 10x, or 20x (0, 5, 50, or 100 uM, re-

spectively) extracellular tryptophan.

feedback propagates transcriptional states between neighboring cells,
amplifying variability beyond cell-intrinsic noise. Functionally, such
cross-feeding not only reduces the metabolic burden and creates
heterogeneity within the population but may also stabilize coopera-
tive interactions and shape the overall community structure.
Comparing I + PI versus PI regulation, we observed the canoni-
cal inverse relationship between noise and mean expression asso-
ciated with 6"%-dependent genes and found that initiation control
introduces additional cell-to-cell variability by adding a regulatory
“decision point” Dissection of the trp operon shows that in B. subtilis,

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

TRAP/anti-TRAP-mediated attenuation is a key regulator of noise,
whereas in E. coli, both TrpR and ribosome-mediated attenuation
act as molecular switches. This reveals that even in promoters regu-
lated at initiation, downstream attenuation can influence cell-to-cell
variation. The differing regulatory architectures give rise to distinct
patterns of transcriptional bursting, which may reflect contrasting
evolutionary pressures and adaptive strategies.

In the PI system of B. subtilis, TRAP/anti-TRAP-mediated atten-
uation modulates burst size but not frequency. Anti-TRAP’s trimer-
ic TRAP-binding state dampens attenuation, while its higher-order
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Fig. 7. Transcriptional heterogeneity and bursting of combined regulation by repression and attenuation. Transcriptional heterogeneity was assessed in strains
with enhanced ribosome-mediated attenuation (AtrpL), constitutive initiation (AtrpR), or both (AtrpRAtrpL) compared to the WT strain with functional initiation and
postinitiation regulation. The padlock symbol denotes a genetic “lock” state, in which cells are either genetically fixed in the on-state for transcription attenuation (AtrpL),
initiation (AtrpR), or both (AtrpRAtrplL). Cells cultured with 0, 1, 10%, or 20X tryptophan (0, 5, 50, and 100 pM, respectively). Transcription of trpE was quantified using
sMRNA FISH. (A) Percentage of cells in the transcriptionally on state (defined as cells containing >1 trpE mRNA molecules). (B) Transcriptional noise (CV2 = 6*/p? and
(C) Fano factor (F = 6/p) calculated from the mean (i) and standard deviation (o) of trpE mRNA copy number per cell. Mean values + standard deviations are shown for
two independent experiments. Statistical analysis was performed using a one-way ANOVA followed by Dunnett’s multiple comparisons test. (D) Burst kinetics of trpE
transcription in E. coli strains WT, AtrpL, AtrpR, and AtrpRAtrpL as a function of the mean trpE mRNAs per cell (top) and under each tryptophan condition tested (bottom).
The error bars represent 95% credible intervals derived from the MCMC posterior distribution. *P < 0.05; **P < 0.01.
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oligomer serves as a tunable reservoir that regulates the fraction
of inhibitory anti-TRAP available for TRAP binding (40). Our data
suggest that in W', this organization generates controlled het-
erogeneity.

Anti-TRAP therefore provides a controlled protective buffer
against TRAP-mediated overrepression that otherwise follows the
rise in intracellular tryptophan. Without this buffering, high TRAP
activity enforces strong transcriptional repression at medium and high
levels of extracellular tryptophan. Cells lacking anti-TRAP (ArtpA)
lose the graded transcriptional control, display a tail of cells with
increased burst frequency in the presence of tryptophan, and ex-
hibit increased transcriptional noise specifically at high tryptophan
levels where buffering would normally be the strongest. Conversely,
cells lacking TRAP (AmtrB) remove the controlled heterogeneity
together and show uniformly high expression with low noise.

These architecture-dependent differences suggest that the B. subtilis
system evolved not merely to implement attenuation but to preserve
trpE expression in a subset of cells across a wide range of tryptophan
concentrations. This could minimize the delay required to reiniti-
ate tryptophan biosynthesis when local tryptophan levels abrupt-
ly collapse, ensuring rapid reacquisition of tryptophan production
and, thus, biosynthetic capacity. Such a strategy may be particularly
advantageous in spatially heterogeneous soil environments, where
tryptophan availability fluctuates locally, driven by the heteroge-
nous distribution of plant root exudates within the rhizosphere (41)
and low tryptophan availability in bulk soil (42). Local trypto-
phan production by high-trpE subpopulations could also support
neighboring cells and enable metabolic cooperation that stabilizes
the community structure. The interaction between TRAP and anti-
TRAP thus appears to act as an adaptive mechanism under spatially
heterogeneous environments that preserves resilience without incur-
ring excessive variability under nutrient-replete conditions.

In E. coli, the I + PI architecture combines TrpR-mediated initia-
tion control with ribosome-mediated attenuation via trpL, yielding
a two-layer regulation of burst parameters that suppresses transcrip-
tion when tryptophan is present and permits rapid reactivation dur-
ing scarcity. This may constitute an adaptation to the mammalian
gut, where feeding cycles of the host repeatedly expose E. coli to al-
ternating periods of feast and famine (43). Notably, it was recently
shown that the gut microbiome obtains essential amino acids such
as tryptophan from the host diet (44), subjecting the regulation of
trpE transcription to temporal fluctuations in co-repressor (trypto-
phan) availability.

Mechanistically, our data suggest that at low tryptophan levels,
the two regulatory layers act together to limit burst frequency and
size, switching trpE transcription off. When tryptophan is absent,
TrpR disengages and ribosomes stall while translating the leader
peptide, releasing both constraints so trpE transcription is resumed.
Initiation control therefore modulates the frequency and size of
transcriptional bursts, while regulated attenuation alters the burst
size in response to tryptophan. Removing TrpR (AtrpR) uncouples
transcription initiation from tryptophan, and hence, burst frequen-
cy remains high and tryptophan-insensitive. Attenuation alone pro-
duces a graded burst size reduction in these cells that is saturated at
medium tryptophan levels. When attenuation is locked in its on-
state while TrpR controls transcription initiation (AtrpL), the pro-
ductive output of initiated transcription is functionally overridden
as nearly all transcripts terminate before trpE. Consequently, the fre-
quency and size of trpE transcription bursts remain low regardless

Moradian et al., Sci. Adv. 12, eaed0831 (2026) 15 May 2026

of external tryptophan levels and the associated rate of initiation.
The higher trpE read-through in AtrpRAtrpL cells under all condi-
tions suggests that premature termination can fail if initiation is uncon-
trolled. It further indicates that residual TrpR-dependent constraints
on transcription initiation exist even in the absence of external tryp-
tophan. Notably, trpE transcription in these cells remains sensitive
to tryptophan, suggesting an additional TrpR- and ¢rpL-independent
layer of control, potentially exerted via small regulatory RNAs, as
described previously (39).

Together, our study shows how transcriptional noise and bursting
in bacteria arise from the interplay between transcription initiation
and postinitiation control. We also show that metabolic cross-feeding
can drive intercellular transcription regulation and alter cell-to-cell
variation. Our findings further suggest that the regulatory architec-
tures of genes evolve to match the dominant form of environmental
uncertainty. Spatial heterogeneity in soil selects for controlled diver-
sification in B. subtilis, while temporal fluctuation in the mammali-
an gut selects for rapid, coordinated regulation in E. coli. These results
underscore the need to consider both molecular circuitry and envi-
ronmental context when interpreting, predicting, and engineering
microbial behavior.

MATERIALS AND METHODS

Bacterial strains

The E. coli BW25113 (WT) and AtrpR, AtrpE, and AtrpL single-gene
knockouts were acquired from the Keio Collection (all in the BW-
25113 background) (45). Mutant stains were rendered markerless by
removing the kanamycin resistance cassette situated at the native
locus of the target gene using Flp recombinase from the pCP20 plas-
mid. The AtrpRAtrpL double mutant was generated by P1 phage
transduction using the AtrpL strain as the donor and the AtrpR
strain as the recipient. The AtrpE, AmtrB, and ArtpA knockouts of
B. subtilis were obtained from the Bacillus Genetic Stock Centre
(BGSC) in a tryptophan auxotrophic (trpC2) background (46). Ka-
namycin markers of each mutant acquired were polymerase chain
reaction amplified, gel purified, and transformed into tryptophan
prototrophic WT (168 trpC+) using natural competence. Briefly, a
single colony of donor B. subtilis tryptophan prototrophic WT (168
trpC+) strain was inoculated into SP medium at 37°C with shaking
(150 rpm) overnight, then diluted 1:50 with 500 pl of fresh SP me-
dium and 1 pl of purified polymerase chain reaction product, and
incubated at 37°C with shaking (150 rpm) for 5.5 hours. Cultures
were then centrifuged and resuspended in 1 ml of LB medium and
incubated for 1.5 hours at 37°C with shaking (150 rpm). Cultures
were then plated on LB medium supplemented with kanamycin (5 pg/
ml). Kanamycin markers were excised using pDR244, a Cre re-
combinase—expressing plasmid, obtained from the BGSC (46). The
AmtrB strain was transformed with the SG13 plasmid, containing a
Pye-gfp transcriptional fusion, acquired from the BGSC (46) using
natural competence. The resultant AmtrB amyE::gfp was used in the
smRNA FISH coculture experiment.

Growth assay

A single colony was inoculated into 5 ml of LB broth and incubated
at 37°C, with shaking at 220 rpm. The next day, cell cultures were
centrifuged at 5000 rpm for 5 min, and the supernatant was removed.
The pellet was washed thrice in 1.5 ml of medium of interest (fresh
M9 minimal media), each time centrifuging at 5000 rpm for 5 min.
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The optical density at 600 nm (ODggp) was standardized to 0.1 in
500 pl. A volume of 100 pl of the experimental culture was transferred
into a flat-bottom well of a 96-well microtiter plate, including three
replicates of each condition. The ODg( was measured every hour for
40 hours using a FLUOstar Omega (BMG LABTECH) ultraviolet-
visible filter-based microplate reader.

smRNA FISH

Fluorescently labeled probes targeting the trpE mRNA transcripts
were designed for both E. coli and B. subtilis organisms using
Stellaris Probe Designer software (LGC Biosearch Technologies).
Sequences of all fluorescently labeled probes used in this study are
provided in table S3. Design parameters included an oligonucleotide
length of 20 nucleotides, a minimum spacing of two nucleotides be-
tween probes, and a masking level set to 1or 2. All probes were con-
jugated with 6-carboxytetramethylrhodamine succinimidyl ester
(6-TAMRA) as the fluorescent dye. A single colony of the target
strain was picked using a sterile loop and transferred into 5 ml of LB
broth in a sterile 30-ml polystyrene universal tube and incubated at
37°C, with shaking at 220 rpm. The next day, cell cultures were cen-
trifuged at 5000 rpm for 5 min, and the supernatant was removed.
The pellet was washed thrice in 1.5 ml of fresh modified M9 medi-
um, each time centrifuging at 5000 rpm for 5 min. The ODgyo was
standardized to 0.1 in 20 ml of culture volume supplemented with 0,
5, 50, or 100 pM (corresponding to 0, 1X, 10X, and 20X) tryptophan
and harvested at the midexponential phase (ODggy = 0.4) by cen-
trifugation. The cells were resuspended and fixed in 1 ml of ice-cold
1X phosphate-buffered saline in diethyl pyrocarbonate (DEPC)-
treated water containing 3.7% (v/v) formaldehyde and incubated for
30 min at room temperature. After fixation, the cells were washed
twice with 1 ml of 1X phosphate-buffered saline in DEPC-treated wa-
ter, then resuspended in 1 ml of 70% (v/v) ethanol in DEPC-treated
water, and incubated for 1 hour at room temperature to permeabi-
lize. Following permeabilization, the cells were washed with 1 ml of
2% SSC in DEPC-treated water containing 40% (w/v) formamide
and incubated overnight at 30°C with hybridization buffer [2x SSC
in DEPC-treated water, 40% (w/v) formamide, 10% (w/v) dextran
sulfate, 2 mM ribonucleoside-vanadyl complex, and E. coli tRNA
(1 mg/ml)] and 1 pM trpE-specific fluorescent probes. After hybrid-
ization, 10 pl of the cells was washed twice in 200 pl of ice-cold wash
solution [40% (w/v) formamide and 2x SSC in DEPC-treated water]
and incubated for 30 min at 30°C. The chromosomal DNA was then
stained with 4’,6-diamidino-2-phenylindole (DAPI)-containing wash
solution [40% (w/v) formamide, 2x SSC in DEPC-treated water,
and DAPI (10 pg/ml)] for 30 min at 30°C. The cells were resuspend-
ed in 100 pl of 2x SSC in DEPC-treated water, from which 2 pl was
spotted onto the center of a 1% (w/v) agarose gel. Once dry, a 1- by
1-cm square was cut around the sample and transferred to a 76- by
26-mm microscope glass slide.

Quantification of trpE mRNA molecules

Cells were imaged using a Leica Stellaris 8 confocal microscope, ac-
quiring five z-slices at 200-nm intervals for each channel (bright
field, DAPI, and 6-TAMRA) across multiple x/y (stage) positions.
The resulting 16-bit .tif images from all three channels were used
to generate cell segmentations using Schnitzcells software (47) in
MATLAB (MathWorks). Two representative, unprocessed raw smRNA
FISH image sets for every strain and each tryptophan concentration
tested are deposited at Zenodo (DOI: 10.5281/zenodo.18632896).
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Images are provided for the bright-field, DAPI, and TAMRA chan-
nels. All segmentations were visually inspected and manually cor-
rected where necessary; cells with out-of-focus or poorly resolved
TAMRA signal were excluded from downstream analysis. The trpE
mRNA copy numbers in single cells were quantified with the
Spétzcells program (36) in MATLAB using the 6-TAMRA channel
images and the cell segmentations. Fluorescent spots within the seg-
mented cells were detected and differentiated from nonspecific
background signals by setting a false-positive threshold using AtrpE
cells as a negative control. False-positive spots were excluded by set-
ting the threshold at the 99.9th percentile of spot intensities ob-
served in AtrpE cells. Fluorescent spots exceeding the false-positive
threshold were classified as specific signals corresponding to trpE
mRNA molecules hybridized with complementary DNA probes. These
fluorescent spots” peak height and intensity were analyzed to deter-
mine the mRNA copy numbers. The intensity distribution of spots
from a low-expressing control strain was fitted to a multi-Gaussian
function, with the mean of the first Gaussian representing the inten-
sity of a single mRNA molecule. The total fluorescence intensity of
spots in each cell was divided by the intensity of a single mRNA mole-
cule to calculate the number of mRNA molecules per cell. These
data were then used to calculate the relative frequencies, mean, and
standard deviation of mRNA copy numbers across the population.

Coculture smRNA FISH

Single colonies of WT and AmtrB were inoculated in 5 ml of LB broth
in separate tubes and incubated at 37°C, with shaking at 220 rpm
overnight. The cultures were then centrifuged at 5000 rpm for
5 min, and the supernatant was removed. The pellet was washed
thrice in 1.5 ml of modified M9 medium, each time centrifuging at
5000 rpm for 5 min. The ODgqq of each strain was standardized to
0.05 in a 20 ml of culture volume of fresh modified M9 medium in-
cubated at 37°C, with shaking at 220 rpm, and harvested at the mid-
exponential phase (ODgp = 0.4) by centrifugation. Once harvested,
the cells were treated for smRNA FISH as previously described (36).
For the coculture experiment, along with bright-field, DAPI, and
6-TAMRA channel images, GFP images were also captured to dis-
tinguish the GFP-fluorescently tagged AmitrB cells within the imag-
es such that only cell segmentation of non-GFP-fluorescent WT
cells was generated using Schnitzcells software (47) in MATLAB
(MathWorks).

Amino acid measurements

Single colonies of E. coli and B. subtilis WT strains (BW25113 and
168 trpC+, respectively) were grown overnight in 5 ml of LB broth
at 37°C, with shaking at 220 rpm. The next day, the cultures were cen-
trifuged at 5000 rpm for 5 min, and the supernatant was discarded.
The pellets were then resuspended and washed in M9 minimal me-
dium thrice, each time centrifuging at 5000 rpm for 5 min. The
ODgg was adjusted to 0.1 in 15 ml of M9 minimal media incubated
at 37°C, with shaking at 220 rpm for 24 hours. One milliliter of the
culture was filter sterilized with Millipore 0.2-pm filter to remove the
cells. The spent media were then immediately frozen in liquid nitro-
gen and stored at —80°C. The amino acids from the spent medium
were derivatized using the AccQ-Tag kit (Waters) as per the manu-
facturer’s guidelines and quantified by tandem mass spectrometry
using a TQSp coupled to a Acquity UPLC equipped with an HSS T3
2.1- by 150-mm, 1.8-pm column. Separation was achieved using a gra-
dient with phase A water with 0.1% formic acid (v/v) and acetonitrile
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with 0.1% formic acid (B) and the column held at 45°C. Gradient
elution was performed with 4% B at 0.6 ml/min starting and held
for 0.5 min, then to 10% B over 2 min, then to 28% B over 2.5 min,
and to 95% B for 1 min before returning to 4% B (1.3 min) for re-
equilibration. The amino acid derivatives were quantified in posi-
tive mode, as published previously (48). Data were analyzed using
an in-house MATLAB pipeline based on software published by
Behrends et al. (49). Values are expressed as arbitrary units (A/U).

Computational analysis of burst kinetics

Burst size, frequency, and transcriptional repression were estimated
using a Bayesian inference framework, as described in (13). A zero-
inflated negative binomial model was used to describe the distribu-
tion of mRNA copy numbers. Parameters 0 = [w,r,p] were inferred
using Metropolis-Hastings Markov chain Monte Carlo (MCMC)
sampling, with the posterior distribution being computed by the
product of the likelihood and the priors. Uniform priors were used
for @ and p (0,1), while r was assigned from a half-normal (p = 0,
6 = 20) positively truncated prior. Sampling was performed using a
custom MCMC implementation with a multivariate Gaussian pro-
posal distribution, in which the standard deviation was set to 5% of
the current parameter values to ensure good convergence. Chains
were iterated for 500,000 steps, with 100,000 discarded as burn-in
and thinning applied by a factor of 100. Burst parameters, maxi-
mum a posteriori estimate (measure of the center of the error bar),
and 95% credible intervals were computed from the posterior distri-
butions for further interpretation.
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