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ABSTRACT Elucidating phenotypic heterogeneity in clonal bacterial populations is impor-
tant for both the fundamental understanding of bacterial behavior and the synthetic engi-
neering of bacteria in biotechnology. In this study, we present and validate a high-through-
put and high-resolution time-lapse fluorescence microscopy-based strategy to easily and
systematically screen for heterogeneously expressed genes in the Bacillus subtilis model bac-
terium. This screen allows detection of expression patterns at high spatial and temporal re-
solution, which often escape detection by other approaches, and can readily be extrapo-
lated to other bacteria. A proof-of-concept screening in B. subtilis revealed both recognized
and yet unrecognized heterogeneously expressed genes, thereby validating the approach.

IMPORTANCE Differential gene expression among isogenic siblings often leads to pheno-
typic heterogeneity and the emergence of complex social behavior and functional capaci-
ties within clonal bacterial populations. Despite the importance of such features for both
the fundamental understanding and synthetic engineering of bacterial behavior, approaches
to systematically map such population heterogeneity are scarce. In this context, we have
elaborated a new time-lapse fluorescence microscopy-based strategy to easily and system-
atically screen for such heterogeneously expressed genes in bacteria with high resolution
and throughput. A proof-of-concept screening in the Bacillus subtilis model bacterium
revealed both recognized and yet unrecognized heterogeneously expressed genes, thereby
validating our approach.

KEYWORDS Bacillus subtilis, population heterogeneity, gene expression, time-lapse
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While bacteria grow into a clonal population of isogenic siblings, it has become
clear that such siblings can display a distinct individuality regarding their pheno-

typic behavior, often even irrespective of environmental fluctuations or local gradients
(1–3). Such phenotypic heterogeneity among siblings allows for functional differentia-
tion and intricate social behavior, and broadens the adaptive potential of the clonal
population as a whole (4). Indeed, bacterial populations have evolved complex regula-
tory networks that impose heterogeneous gene expression in order to establish bet-
hedging strategies that increase fitness in fluctuating environmental conditions by
forcing a subset of individuals to invest in stress resistance instead of growth (1, 3, 5). A
striking example of this is the process of sporulation in Bacillus subtilis, in which, upon
nutrient limitation, only a subpopulation differentiates into recalcitrant endospores,
while another subpopulation switches to alternative metabolites to continue growth
(6). In addition, phenotypic heterogeneity has the potential to serve as a division-of-
labor strategy (1, 3, 4, 7, 8), in which certain costly tasks that benefit the entire popula-
tion are carried out only by a subset of cells. An example of this was found in stationary
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phase B. subtilis cultures, where only a proportion of cells produces and secretes the
protease subtilisin E, while the entire population is expected to benefit from the freely
diffusible degradation products (7).

Next to a fundamental biological understanding of microorganisms, phenotypic hetero-
geneity is also becoming increasingly relevant for biotechnology and synthetic biology.
Indeed, in order to create populations with highly predictable and productive behavior, en-
dogenous genetic circuits supporting unwanted differential performance among siblings
need to be recognized and removed (9). On the other hand, it may be beneficial for some
applications to capitalize on bet-hedging and division-of-labor strategies to increase robust-
ness and versatility (10–12). As such, a thorough understanding of phenotypic heterogeneity
strategies would support their proper implementation in synthetic biology and could unlock
more complex functionalities in engineered populations.

Despite its importance for both biology and synthetic biology, current examples of bac-
terial phenotypic heterogeneity are still limited and typically stem from serendipitous dis-
coveries rather than from systematic screens. The few studies that have engaged in system-
atic screening for noisy promoter behavior in Escherichia coli, Salmonella typhimurium, and
Saccharomyces cerevisiae relied on flow cytometry analysis of fluorescent promoter-probe
libraries, and thereby found a positive correlation between the strength and noisiness of
promoters (13–15) as well as a tendency for functionally important genes to display low
noise (14). Also, single-cell transcriptomic approaches will soon mature and find their way
toward revealing population heterogeneity in bacteria (16).

In contrast to flow cytometry and single-cell transcriptomics, however, time-lapse
fluorescence microscopy (TLFM) could offer a higher resolution when screening for
heterogeneously expressed promoters. Indeed, TLFM monitoring of growing microcol-
onies of fluorescent promoter-probe clones could reveal more subtle and intricate pat-
terns and timing of heterogeneous promoter activity, while concurrently monitoring
important cellular characteristics such as cell morphology, pole age, lineage history, vi-
ability, etc. Because of the need for such more detailed approaches for unraveling
genetic networks engaged in causing phenotypic heterogeneity, we here present and
validate a high-throughput TLFM-based strategy for elucidating deviant promoter
expression patterns in the B. subtilis model bacterium.

RESULTS AND DISCUSSION
Construction of fluorescent promoter-probe transposon. To systematically screen

for heterogeneously expressed promoters in Bacillus subtilis, we designed a novel mari-
ner-based transposon, TnJM1 (Fig. 1), that can generate random transcriptional fluores-
cent fusions upon hopping in the B. subtilis chromosome. Mariner transposons are
ideally suited for random transposon mutagenesis because chromosomal insertion is
highly random (i.e., the very common dinucleotide insertion site TA prevents bias

FIG 1 Conceptual scheme of the TnJM1 transposon. The TnJM1 transposon is flanked by two mariner
insertion sequences, IS(L) and IS(R), which are recognized for random and efficient cut-and-paste
transposition into dinucleotide TA recognition sites in the chromosome by the Himar1 transposase
(17). The transposon contains a gene encoding a bright low-noise superfolder GFP-variant, sfgfp(Sp)
(20) with a strong ribosome binding (RBS), for efficient translation when inserted downstream of
random chromosomal promoters. Stop codons (STOP) in all three reading frames are located
upstream of sfgfp(Sp) to avoid the creation of aberrant fusion proteins. A kanamycin antibiotic
resistance cassette (Kanr) is present as a marker for transposon insertion (the bent arrow represents
the promoter for the Kanr cassette). Random TnJM1 transposition in chromosomal open reading
frames (ORFs) allows the creation of transcriptional fluorescent fusions that can be monitored with
time-lapse fluorescence microscopy. The different elements in the scheme are not drawn to scale.
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toward chromosomal hot spots) and very efficient (17–19). TnJM1 was constructed by
inserting the promoter-less sfgfp(Sp) fluorescent reporter gene into a previously
described mariner transposon that harbors a kanamycin resistance marker (17) (Fig. 1).
The sfgfp(Sp) gene is optimized for low-GC content Gram-positive bacteria, and codes
for a bright superfolder GFP variant with low inherent phenotypic noise strength (20).
In TnJM1, sfgfp(Sp) was fitted upstream with (i) a strong ribosome binding site for opti-
mal expression (R0 (21)), and (ii) stop codons in all three reading frames to prevent
read-through of possible upstream open reading frames. Subsequently, pKB176-TnJM1
was constructed by cloning TnJM1 into an empty pKB176 delivery vector (17, 18),
which contains an E. coli origin of replication, the hyperactive C9 allele of the Himar1
transposase, a temperature-sensitive B. subtilis origin of replication, a B. subtilis erythro-
mycin resistance cassette, and an E. coli ampicillin resistance cassette, and was trans-
formed into B. subtilis strain PS832 (further referred to as PS832).

Construction of fluorescent B. subtilis promoter-probe library. A library of ran-
dom promoter fusions with sfGFP(Sp) was subsequently constructed by growing multi-
ple independent PS832 pKB176-TnJM1 cultures for 10 h to allow Himar1-mediated cut-
and-paste transposition of TnJM1 into the chromosome. These multiple cultures were
pooled to reduce the impact of clonal amplification within a population, and then
plated on kanamycin selective LB agar plates and incubated at 42°C. The latter tempera-
ture is nonpermissive for maintenance of the delivery vector due to the temperature-sensi-
tive origin of replication and will therefore select for clones in which TnJM1 transposed
into the chromosome. A minority of kanamycin resistant clones (5.67%; SE = 0.67%) was
found to remain erythromycin resistant, suggesting the entire delivery vector stably
inserted itself into their chromosome. However, these clones were systematically excluded
from the screening process by replica plating library clones on erythromycin selective
plates and disregarding the erythromycin resistant ones.

High-throughput screening of the B. subtilis promoter-probe library. Individual
clones of the library were then grown in 96-well plates and subsequently passaged to
fresh wells containing starvation medium to produce spore crops. Endospores were
pooled per 32 clones (i.e., one third of a 96-well plate), and pools were heat activated
to induce germination and inactivate any remaining vegetative cells. Subsequently, up
to 18 separate pools per screen (i.e., encompassing 576 clones) were placed on an
equal number of germination-inducing agarose pads (Fig. 2A), and the sfGFP(Sp)
expression of single cells in emerging microcolonies was then monitored for 20–24 h
using time-lapse fluorescence microscopy (TLFM; Fig. 2A and B). In fact, this allowed
close observation of expression patterns over different consecutive life stages of the
individual cells/spores, including germination of a single spore, exponential growth
into a clonal microcolony, and growth arrest due to starvation (please note that the
subsequent sporulation step was not systematically captured; see below). In this fash-
ion, a total of ca. 7,700 individual transposon insertion clones was screened. Since
these transposon insertions have stochastically sampled the chromosome, we estimate
that these clones transcriptionally report on roughly 55% (6 0.62%; based on Monte
Carlo sampling) of the ca. 4,350 annotated B. subtilis genes (22, 23) and their corre-
sponding promoters. Note, however, that not all of these genes might become
expressed under the cultivation conditions used.

Outcome of the screen.Microcolonies displaying heterogeneous sfGFP(Sp) expres-
sion among their isogenic siblings were traced back to their original wells in the master
96-well plate, ultimately yielding 21 independently isolated mutants with heterogene-
ously expressed sfgfp(Sp) promoter fusions (Fig. 3; Movies 1–21 in the supplemental
material). After SPP1-mediated transduction to wild-type PS832, the causal individual
TnJM1 insertions could be isolated and determined. This revealed heterogeneous
expression of 19 different genes corresponding to 17 separate operons (Table 1).

A number of these heterogeneously expressed operons were already documented in
(or easily extrapolated from) previous literature, and relate to the intrinsically bistable sD

regulon (hag, comFA-comFB-comFC-yvyF-flgM-yvyG-flgK-flgL-yviE-fliW-csrA, lytABC, lytF (24–
26)) or genes involved in the process of sporulation (yaaH, sdpABC,mfd [27–32]).
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The hag and flgK genes have been shown to be bistably expressed under the con-
trol of the alternative sigma factor sD, and encode the structural protein for the flagel-
lar filament and the protein for the hook-filament junction, respectively (25). By bista-
ble expression, sD is known to mediate the formation of two distinct subpopulations
in midexponential phase, namely, motile (sD ON) cells and chaining sessile (sD OFF)
cells (24, 25). This bistability is likely achieved through a variety of simultaneously act-
ing mechanisms, including a sD positive feedback loop (24), a SinR/SlrR-mediated dou-
ble negative feedback loop (33), and a differential reduction in growth rate causing a
concentration effect of sD (34). The heterogeneity in flagellar gene expression is quite
common among bacteria, and serves to exploit their present location or to explore
new environmental niches (25, 34–36). Two other genes found during screening, i.e.,
lytA (part of the lytABC operon) and lytF, are both involved in peptidoglycan-remodel-
ing-autolysin activity, and are also known to be under sD-mediated bistable expres-
sion, enabling cell separation and motility in sD ON subpopulations (26).

The commitment to sporulation is intrinsically noisy because of the multicompo-
nent phosphorelay that activates the master regulator of sporulation Spo0A (37).
Moreover, this noisiness serves as a bet-hedging strategy. Upon nutrient limitation,
part of the population will initiate sporulation when Spo0A;P reaches a high

FIG 2 Example of single cell TLFM-screening of library clones. (A) Representative superimposed phase
contrast and epifluorescence (reporting sfGFP(Sp) expression from a random chromosomal promoter)
images of a pool of 32 library clones growing on a germination-inducing agarose pad at several time
points during TLFM. One of the microcolonies in this screen (indicated by the white arrows)
developed from a single endospore into a clonal population heterogeneously expressing sfGFP(Sp).
Because of its interesting phenotype, this clone was traced back to its original location on the 96-well
plate and determined to contain TnJM1 in its dhbE gene. Scale bar corresponds to 10 mm. (B)
Schematic representation of the TnJM1 insertion in the fluorescent clone shown in panel A. The
TnJM1 transposon (containing the sfGFP(Sp) open reading frame [green arrow] and its ribosome
binding site [green box], kanamycin antibiotic resistance cassette [Kanr; purple arrow] and insertion
sequences [gray boxes]; see Fig. 1) was located in the dhbE gene within the dhbACEBF-ybdZ operon,
yielding a fluorescent transcriptional fusion. The bent arrow (black) represents the operon’s promoter.
The different elements in the scheme are not drawn to scale.
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FIG 3 Heterogeneous promoter expression of reconstructed mutants. Representative epifluorescence (reporting
sfGFP(Sp) expressed from the TnJM1 transposon inserted into the indicated genes) images of representative
microcolonies of reconstructed mutants grown on MOPS agarose pads. As a control, an isolated TnJM1
insertion mutant was added in which sfGFP(Sp) fluorescence is expressed homogeneously among siblings.
Images were selected at different time points after being placed on the pads (indicated on figure) to best
represent the individual expression patterns. Due to differences in fluorescence expression among the isolated
clones, image brightness was adjusted for each mutant separately, and fluorescence intensity can therefore not
be compared between mutants. An indicated part of each image is magnified 3 times (inset lower right
corner), and individual cells are delineated with white dashed outlines. Scale bar corresponds to 5 mm.

Screening for Population Heterogeneity in B. subtilis

Volume 10 Issue 1 e02045-21 MicrobiolSpectrum.asm.org 5

https://www.MicrobiolSpectrum.asm.org


threshold level (38), while the subpopulation in which Spo0A is not active will not spor-
ulate. The decision to sporulate can be postponed by cannibalism, which enables the
Spo0A active subpopulation to grow by use of alternative metabolites released by
inducing lysis of the nonsporulating subpopulation (6, 30). Accumulation of Spo0A;P
activates a signaling cascade of sigma factors, of which some are specific to the fore-
spore (s F, sG) and some are specific to the mother cell compartment (s E, sK) (39). As
such, we found localized gene expression specific to the forespore (mfd [s F/sG de-
pendent (32)]; Fig. 3 and Movies 14A and B) and mother cell (yaaH [s E dependent
(28)]; Fig. 3 and Movies 20A and B). Interestingly, while the cydABCD operon has been
described to be in part controlled by forespore-specific s F (40, 41), the observed
expression pattern for this operon does not reveal any forespore-specific expression
and localization (Fig. 3 and Movies 2A and B). Since we did not systematically allow the
monitored clones to enter the sporulation phase, only a fraction of the many heteroge-
neously expressed sporulation-related genes were picked up.

Interestingly, and more unexpectedly, several AbrB-dependent promoters (sboAX-
albABCDEFG, yvmC-cypX, dhbACEBFZ, yfmHG, epeXEPAB) were picked up as being heter-
ogeneously expressed as well. AbrB is a global gene regulator involved in transitioning
the cell from exponential to stationary phase, and cell-to-cell variations in AbrB protein
levels have been documented (42) that could perhaps explain the heterogeneous
expression of the AbrB-dependent promoters. Interestingly, there seem to be stark differ-
ences in timing and heterogeneity of the expression patterns of these promoters (Fig. 3;
Movies 1A, 1B, 3A, 3B, 4A, 4B, 5A, 5B, 6A, 6B, 7A, 7B, 8A, 8B, 21A, and 21B), possibly due to
modulation by other regulatory factors. While the AbrB regulator is known to be under

TABLE 1 Overview of genes identified as TnJM1 transposon insertion sites in isolated clones with heterogeneous sfGFP(Sp) expression, and (i)
their corresponding gene products, (ii) the operon the gene is part of, and (iii) the cellular regulon and function it is involved in (based on de
SubtiWiki database [40])

Gene Gene product Operon Known regulons Function
albAa Antilisterial bacteriocin subtilosin

biosynthesis protein
sboA-sboX-albA-albB-albC-albD-
albE-albF-albG

AbrB, sA, Rok, ResD Subtilosin A biosynthesis

cydBa cytochrome bd ubiquinol oxidase
(subunit II)

cydA-cydB-cydC-cydD CcpA, Rex, ResD, s F Respiration

cypXa Pulcherriminic acid synthase/
cytochrome P450

yvmC-cypX AbrB, PchR Iron metabolism

dhbBa,b Isochorismatase dhbA-dhbC-dhbE-dhbB-dhbF-ybdZ sA, s I, Fur, AbrB, Kre, s I Siderophore bacillibactin biosynthesis
dhbEa 2,3-dihydroxybenzoate-AMP ligase dhbA-dhbC-dhbE-dhbB-dhbF-ybdZ sA, s I, Fur, AbrB, Kre, s I Siderophore bacillibactin

biosynthesis
dhbFa Dimodular nonribosomal peptide

synthase
dhbA-dhbC-dhbE-dhbB-dhbF-ybdZ sA, s I, Fur, AbrB, Kre, s I Siderophore bacillibactin

biosynthesis
epeEa Radical SAM epimerase epeX-epeE-epeP-epeA-epeB AbrB, sA, Rok Cell envelope stress
flgK Flagellar hook-associated protein 1 comFA-comFB-comFC-yvyF-flgM-

yvyG-flgK-flgL-yviE-fliW-csrA
sA, sD, DegU, ScoC, ComK Flagellum biosynthesis

hagb Flagellin hag sD, CodY, ScoC, CsrA Flagellum biosynthesis
lytA Autolysin-associated protein lytA-lytB-lytC sA, sD, SlrR, SinR, YvrHb Peptidoglycan remodeling
lytF Peptidoglycan endopeptidase lytF sD, SlrR, SinR Peptidoglycan remodeling
mfda Transcription-repair-coupling

factor
fin-mfd-spoVT sB, s F, sG DNA repair

msmXa ATP-binding subunit of ABC
transporters

yxkF-msmX CcpA Carbohydrate transport

pucFa Allantoate amidohydrolase pucF-pucG PucR, sA Purine utilization
rapDa Response regulator aspartate

phosphatase
rapD RghR, sA, sM, sX Controls ComA-dependent gene

expression
sdpB Sporulation-delaying protein B sdpA-sdpB-sdpC Spo0A, Rok, AbrB SdpC toxin maturation
wapAa tRNA nuclease wapA-wapI DegU, YvrHb, WalR, sA Contact-dependent growth inhibition

(CDI)
yaaH Spore peptidoglycan N-

acetylglucosaminidase
yaaH SpoIIID, s E, sB General stress protein, inner coat

protein, germination
yfmGa Uncharacterized protein yfmH-yfmG AbrB, YfmH, sA Unknown
aTo our knowledge, the heterogeneous expression of these genes and/or their corresponding operons have not been previously described in literature.
bA transposon insertion was found in different insertion sites in this gene for two independently isolated clones.
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negative Spo0A control (43, 44), the timing of heterogeneous gene expression by some
AbrB-dependent promoters found in this screen (e.g., sboAX-albABCDEFG; Fig. 3; Movies 1A
and B) already occurs in the exponential phase and does therefore not seem to coincide
with the expected Spo0A-related (i.e., stationary phase) heterogeneity. As such, while
Spo0A noisiness may be a modulating factor, it seems unlikely that it forms the sole causa-
tive basis for these heterogeneous expression patterns.

Also, several other genes were previously not known (or anticipated) to be hetero-
geneously expressed. One of these, rapD, has a clear regulatory role in the inhibition of
the response regulator ComA, which is involved in the development of natural compe-
tence and quorum sensing (40, 45). While the regulation of the bistable master regula-
tor of competence (i.e., ComK) is complex and includes an auto-stimulatory feedback
loop (46), rapD may provide an additional form of heterogeneity into this regulatory
system. Also, several metabolically oriented operons (cydABCD, pucFG, yxkF-msmX)
seem to be heterogeneously expressed. While CydB and PucF are involved in aerobic
respiration and nitrogen metabolism, respectively (47, 48), MsmX acts as the nucleo-
tide binding domain for multiple ABC transporter complexes that mediate the import
of several carbohydrates (including maltodextrin, melibiose, raffinose, and stachyose
[49, 50]) and the mobilization of pectin (51). Finally, wapA is involved in contact-de-
pendent growth inhibition (52).

Conclusions. In this report, we forwarded and validated a novel high-throughput
approach to systematically screen for heterogeneously expressed genes/promoters in
bacteria at high spatial and temporal resolution, since such important features within
clonal populations currently typically evade our detection. The approach is based on a
randomly transposable fluorescent promoter probe and high-throughput TLFM-moni-
toring, and is therefore amenable to a wide range of bacterial hosts. Our library fluores-
cently reported on ca. 55% of the genes present in B. subtilis and found both recog-
nized and still unrecognized heterogeneously expressed promoters, validating the
potential of our approach. Imposing different cultivation conditions during the screen
will of course alter the subset of genes being expressed and hence the heterogeneous
promoters that can be detected. A potential caveat of our approach, however, is that
in some rare cases, insertion of the reporter transposon could alter the normal expres-
sion profile of the probed gene.

Since B. subtilis constitutes an important chassis in bioprocessing (53, 54), identifying
(and subsequently eliminating) possible causes of behavioral heterogeneity and inconsis-
tencies within axenic populations becomes increasingly important. On the other hand,
novel synthetic biology tools aimed at deliberately imposing population heterogeneity in a
standardized fashion will soon depend on identifying (and characterizing) noisy and bist-
ably expressed promoters.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids are listed in Tables S1 and

S2, respectively. For strain construction, Lysogeny Broth (LB) according to Lennox (10g/L tryptone [Lab
M, Lancashire, United Kingdom], 5g/L yeast extract [Oxoid, Hampshire, United Kingdom], 5g/l NaCl) was
used. For growth for transposon library construction, time-lapse microscopy (TLM) medium and 15%
chemically defined medium (CDM) were used as previously described (6, 55). MOPS medium (adapted
from Kort et al. [56]) was used for agarose pads in TLFM and contains 1.32 mM K2HPO4, 0.4 mM MgCl2,
0.276 mM K2SO4, 0.01 mM FeSO4, 0.14 mM CaCl2, 80 mM 3-[N-morpholino]propanesulfonic acid (MOPS),
4 mM Tricine, 10 mM NH4Cl, 3 nM (NH4)6Mo7O24, 0.4 mM H3BO3, 30 nM CoCl2, 10 nM CuSO4, 10 nM
ZnSO4, 0.1 mM MnCl2, 27.8 mM glucose (Acros Organics, Geel, Belgium), 0.02% Casamino Acids (LabM)
and supplemented with 30 mM L-valine (Fisher Scientific, Pittsburgh, PA, USA) where indicated. This me-
dium was selected for its high germination efficiency and low background fluorescence. SP medium
(phosphate citrate buffer [14g/l K2HPO4, 6g/l KH2PO4, 1g/l sodium citrate with 2% glucose, 0.1%
Casamino acids, 0.05 mg/mL L-tryptophan, 0.011 mg/mL CAF (ferric ammonium citrate), 0.2% potassium
aspartate and 3 mM MgSO4]) was used to make naturally competent B. subtilis cells.

When appropriate, the following antibiotics were added to the medium at the indicated final con-
centrations: 100 mg/mL ampicillin (Fisher Scientific, Pittsburgh, PA, USA; E. coli), 5 mg/mL kanamycin
(Applichem, Darmstadt, Germany; B. subtilis), 1 mg/mL erythromycin (Acros Organics; B. subtilis).

B. subtilis transformation. Cultures of B. subtilis PS832 were made naturally competent by picking a
colony from a fresh stock plate and growing it overnight at 30°C in 3 mL of SP medium. The following
morning, the culture was diluted 1/50 by adding 200 ml to 10 mL of fresh SP medium. The culture was
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incubated at 30°C until an OD600 of 0.6–0.8 was reached, indicating that cells were ready to be trans-
formed. Plasmid transformation was achieved by adding 5 mL of plasmid (concentration between 50
and 150 ng/mL) to 500 mL of competent cells. Cells were resuscitated at 30°C for 0.5–1 h in culture tubes
before plating on selective media. Plates were incubated overnight at 30°C.

TnJM1 transposon construction. To construct the TnJM1 transposon, an amplicon of sfgfp(Sp) (20)
was prepared on pDR111-sfgfp(Sp) with primers P1 and P2 (Table S3), introducing restriction sites for
SalI and BamHI. Using these restriction sites, sfgfp(Sp) was inserted in the mariner transposon in pKB157
through restriction/ligation, creating the pKB157-TnJM1 plasmid, which was transformed into electro-
competent Escherichia coli DH5a cells. An amplicon containing TnJM1 was amplified from this plasmid
using primer pair P9/P10 (Table S3), digested with PstI and HindIII and ligated into the delivery vector
pKB176 to generate pKB176-TnJM1. This plasmid was initially transformed into E. coli DH5a and subse-
quently transformed into B. subtilis PS832.

All constructed plasmids were initially confirmed by PCR with primer pairs attaching outside of the
region of insertion (P17-54; Table S3). Correct insertion of digested PCR products was further verified by
sequencing (Macrogen, Amsterdam, the Netherlands).

Library construction. To construct a library of random promoter fusions with sfgfp(Sp), through
transposon mutagenesis of TnJM1, 7 independent cultures of B. subtilis PS832 pKB176-TnJM1 were
grown from glycerol stocks for 12 h at 30°C in 4 mL LB medium supplemented with erythromycin
(selecting for maintenance of the pKB176-TnJM1 delivery vector). Subsequently, these cultures were
plated on LB agar supplemented with kanamycin (selecting for presence of TnJM1) and incubated over-
night at 42°C (counterselecting against the presence of the pKB176-TnJM1 delivery vector). The fre-
quency of false positive insertions of the delivery vector into the chromosome was tested for three inde-
pendently made libraries by streaking 100 library clones on both LB agar containing erythromycin and
LB agar containing kanamycin, and assessing growth after overnight incubation at 30°C.

To exclude false positive clones that have not lost the pKB176-TnJM1 delivery vector, replica plating
(using sterile Whatman filter papers [GE Healthcare, Chicago, IL, USA]) was performed on LB agar supple-
mented with erythromycin (indicating the presence of the delivery vector). From the LB agar plates con-
taining kanamycin, individual erythromycin-sensitive clones were manually picked into 96-well plates
containing 150 mL TLM medium (55) (supplemented with kanamycin) per well, and grown overnight at
37°C in an orbital shaker (225 rpm). By adding glycerol to a final concentration of 20%, these master
plates could be stored at 280°C to isolate clones of interest after screening.

Screening and isolating clones of interest. Cultures grown in TLM were diluted 1/25 in 96-well
plates containing 150 mL of previously described CDM sporulation medium (diluted to 15% before use
[6, 55]) per well, and incubated at 37°C in an orbital shaker (225 rpm) for 72h, during which sporulation
occurs. Subsequently, spores were pooled per 32 wells and 20 mL of pooled spore suspension was heat
activated in a heating block (70°C, 30 min) to induce germination and inactivate vegetative cells.

For TLFM screening, appropriate dilutions of spore suspension pools were transferred to individual aga-
rose pads containing MOPS medium supplemented with L-valine to induce germination. Germination,
growth, and sfGFP(Sp) expression on agarose pads was monitored using an automated TLFM set-up for 20–
24 h at 37°C. Routinely, during one such 20–24 h TLFM screening event, ca. 18 agar pads (each supporting a
pool of 32 clones, amounting to ca. 576 different clones) could be simultaneously monitored. Per agarose
pad 5 fields were imaged to monitor a sufficient number of spores.

Fast backtracing of clones of interest to their individual wells on the 96-well master plates was
achieved by simultaneously dividing the original plate into smaller subpools per row and column and
monitoring these subpools again for the phenotype of interest using TLFM. The row and column sub-
pools containing the correct phenotype reveals the exact coordinates of the clone of interest on the 96-
well master plate.

Subsequently, all isolated clones of interest were purified from the master plates by streaking on LB
agar (supplemented with kanamycin). To avoid continuing with mutants possibly containing multiple
TnJM1 insertions, SPP1 phage lysates of the originally isolated mutants were transduced to a fresh
PS832 wild-type strain, and the resulting transducants were again monitored using TLFM for the pheno-
types of interest during growth on MOPS agarose pads (supplemented with L-valine) starting from endo-
spores (spore suspensions prepared in TLM and CDM as described above). SPP1 phage transduction was
performed as previously described (57).

Time-lapse fluorescence microscopy (TLFM). Appropriate dilutions of cultures or spore suspen-
sions were placed on agarose pads (MOPS medium supplemented with 1.5% LSL-LE 8200 agarose
[Lonza, Basel, Switzerland] and 30 mM L-valine) on a microscopy slide and covered with a cover glass
attached to a 125 mL Gene Frame (Thermo Fisher Scientific, Waltham, MA, USA). The process of making
agarose pads has been previously described in more detail by De Jong et al. (55). Automated TLFM mon-
itoring was performed on a widefield Ti-Eclipse inverted microscope (Nikon, Champigny-sur-Marne,
France) equipped with a 60� Plan Apo l oil objective, a TI-CT-E motorized condenser, and a Nikon DS-
Qi2 camera. GFP was imaged using a quad-edge dichroic (395/470/550/640 nm) and a FITC single emis-
sion filter. A SpectraX LED illuminator (Lumencor, Beaverton, OR, USA) was used as light source, using
the 470/24 excitation filter. Temperature was controlled at 37°C with an Okolab cage incubator (Okolab,
Ottaviano, Italy). While phase contrast images were taken every 15 min, GFP was imaged every 30 min in
order to avoid bleaching. Images were acquired using NIS-Elements software (Nikon), and the resulting
pictures were further handled with the open source software ImageJ. During acquisition of fluorescent
images, photobleaching was reduced by lowering the intensity of excitation light and prolonging time
intervals between exposures.
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Monte Carlo simulations. An occurrence of 7,700 random transposon insertions in 4,350 B. subtilis
genes (considering both possible orientations of the transposon) was simulated 5,000 times to calculate
the approximate proportion of genes covered with transposon insertions that yield transcriptional
fusions. This also allowed the calculation of the standard deviation of this proportion. Note that this esti-
mate does not take into account that transposon insertions can also occur in noncoding DNA.

Determination of TnJM1 insertion sites. To determine the precise genomic location of TnJM1 inser-
tions, the genomic DNA of the clones of interest was pooled per 5 and analyzed by whole genome sequenc-
ing. For this, genomic DNA was isolated from overnight LB cultures using the GeneJet Genomic DNA purifica-
tion kit (Thermo Fisher Scientific), after which 150 bp paired-end libraries were prepared using the Nextera
XT DNA Library Preparation Kit (Illumina) or Nextera DNA Flex Library Preparation Kit (Illumina). Sequencing
was performed with an Illumina NovaSeq 6000 sequencer (Illumina) or Miniseq sequencer (Illumina), and sin-
gle reads were analyzed using Geneious to determine TnJM1 insertion loci. All genomic transposition sites
were confirmed by PCR using primers upstream and downstream of the suspected region of interest (Table
S3) and by subsequent sequencing of this locus (Macrogen). Sequences of the TnJM1 insertions sites for the
different isolated mutants are listed in supplemental file 1.
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