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Time-resolved imaging-based CRISPRi screening
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Our ability to connect genotypic variation to biologically important phenotypes has been seriously limited by the gap between
live-cell microscopy and library-scale genomic engineering. Here, we show how in situ genotyping of a library of strains after
time-lapse imaging in a microfluidic device overcomes this problem. We determine how 235 different CRISPR interference
knockdowns impact the coordination of the replication and division cycles of Escherichia coli by monitoring the location of rep-
lication forks throughout on average >500 cell cycles per knockdown. Subsequent in situ genotyping allows us to map each
phenotype distribution to a specific genetic perturbation to determine which genes are important for cell cycle control. The sin-
gle-cell time-resolved assay allows us to determine the distribution of single-cell growth rates, cell division sizes and replication
initiation volumes. The technology presented in this study enables genome-scale screens of most live-cell microscopy assays.

engineering, fronted by applications of Cas9-mediated gene
targeting”. In combination with inexpensive large-scale DNA
oligonucleotide synthesis, these techniques make it possible to gene-
rate pool-synthesized cell strain libraries with specific perturba-
tions genome-wide>!. More recently, methods have been developed
for screening Cas9 genome-edited libraries by sorting the library
members based on the expression of a fluorescent protein and then
sequencing cells with similar expression level® or using single-cell
RNA sequencing on libraries of CRISPR interference (CRISPRi)
perturbations to determine the state of the transcriptome for indi-
vidual cells®*. These methods are, however, blind to cellular dyna-
mics and intracellular localization of relevant molecules and are
thus greatly limited in the types of phenotypes that can be explored.
The progress in genome-scale engineering and expression
perturbation has been accompanied by equally impressive devel-
opments in microscopy and microfabrication, which enable charac-
terization of complex phenotypes at high temporal and spatial
resolution in living cells under well-controlled conditions’'*. While
the power of these methods enables deep insight into cellular bio-
physics, the limitation of working with one strain at a time pro-
hibits studying the impact of genes whose function is not already,
at least to some degree, known. Given the rapid progress within
the previously separate fields of imaging and genomics, the lack
of efficient techniques for time-resolved single-cell phenotyping
of pool-synthesized genetic strain libraries constitutes a severe
bottleneck in biological research. We have recently proposed a ten-
tative solution to the problem using a microfluidic method that
we now demonstrate scaled to hundreds of genes for tens of thou-
sands of single cells, converting the concept into a practical tool. A
related method that allows imaging of a large library of bacterial
cells adhered to a coverslip was published'” at the same time as our
recent study'’. Here, we use the microfluidic method to perform a
large-scale screen of complex phenotypes to identify the regulatory
elements of replication-division coordination in bacterial cells.

| he last decade has shown remarkable development in genome

Results
Overview of the method. The heart of our method is a microfluidic
device that enables both high-resolution dynamic phenotyping and

subsequent in situ genotyping of the individual strains. The micro-
fluidics approach allows us to keep the bacteria in a constant state
of exponential growth over hundreds of generations while imaging
them at high resolution. The fluidic device" is an adaption of the
‘mother machine chip’®, where each cell trap has a 300 nm constric-
tion at the end that enables fast loading, as well as media and probe
exchange (see the left side of Fig. 1 and Supplementary Fig. 1 for a
schematic of the chip). Each strain occupies a defined space in the
fluidic chip, but the genotypes of the different strains are unknown
at the time of phenotyping. After the phenotypes have been deter-
mined, the cells are chemically fixed in the chip, and the genotypes
are optically inferred by sequential fluorescence in situ hybridiza-
tion (FISH) to a barcode (Fig. 1). We refer to the technique, which
we developed previously in a small proof-of-principle study'®, as
DuMPLING (dynamic p-fluidic microscopy phenotyping of a
library before in situ genotyping).

We used the DuMPLING technique to characterize the coordi-
nation of the replication and division cycle in E. coli by tracking the
chromosome replication forks throughout the cell cycle in a CRISPRi
library. Replication initiation in E. coli is triggered at a fixed volume
per chromosome'®"” independent of growth rate, but the underlying
molecular mechanism is largely unknown. In this work, replication
initiation was studied directly by observing a strain with a chro-
mosomally integrated segA-yfp fusion. SeqA binds hemimethylated
DNA in the wake of the replication machinery and can thus be used
to track replication foci (Fig. 2). In addition, the cell size at divi-
sion and replication initiation was determined using phase contrast
imaging. By imaging hundreds of cell cycles for each CRISPRi per-
turbation, we aimed to identify which genes are involved in setting
the accuracy of the initiation volume. This screen could not have
been performed without monitoring the dynamics of replication
initiation directly in individual cells.

Implementation and analysis. We constructed the library in a host
strain of MG1655 a seqA-yfp fusion for tracking the replication
forks, dCas9 expressed from an anhydrotetracycline (aTc)-induc-
ible promoter for CRISPRi and T7 RNA polymerase (T7 RNApol)
expressed from an arabinose-inducible promoter for barcode RNA
expression. Each of the 235 library members expressed a unique
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Fig. 1| Assay workflow. Step 1, the bacteria in the CRISPRi library contain pool-synthesized plasmids each expressing a barcode and a corresponding
sgRNA for repressing a specific gene in the E. coli chromosome. Step 2, the library of cells is loaded into a fluidic device where each strain occupies a
spatially separated trap and where the cells can be monitored with highly sensitive time-lapse fluorescence microscopy for hours or days. Step 3, after
phenotyping the cells are fixed, and the identities of the strains are revealed by sequential FISH probing for the barcodes.
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luorescence time-lapse images of one trap loaded with the ref strain.

Fig. 2 | Analysis. a, Cartoon of cells growing in a microfluidic chip.

b, Example kymographs in phase contrast (top) and fluorescence (bottom),
with automated cell segmentation (yellow) or detection of SeqA-YFP
clusters (red circles), respectively, overlaid. Each row corresponds

to the same cell trap. The time increment is 2 min per row. Scale bar,

10 pm. Longer example of fluorescence imaging with cell and cluster
detection is shown in Supplementary Video 1. ¢, Example of combined

cell segmentation (cell poles in solid black lines) and SeqA-YFP cluster
detection (all markers of different shapes and colors) for one cell and one
of its daughters. SeqA-YFP clusters with the same marker color and shape
belong to trajectories connected by u-track.

single-guide RNA (sgRNA), directing dCas9 to bind and repress
a specific gene (see Methods section ‘Design of CRISPRi spacers').
The library included all known nonlethal cell cycle-related targets,
as well as 38 y-genes®, 28 of which are largely uncharacterized or
have an unknown function. By inducing the dCas9 expression

with 1pgul™ aTc, the target genes were downregulated (see
Supplementary Fig. 2 for burden on growth of dCas9 and sgRNA
expression). In control experiments, 14 of 15 individually cloned
sgRNA plasmids resulted in 4-100-fold repression (Supplementary
Note 1). The remaining target, the gene for the transcription factor
Rob, was hardly repressed at all, possibly due to its transcriptional
autoregulation®’. Each plasmid also encoded a 20-base pair (bp)
barcode sequence that could be expressed as RNA by a T7 pro-
moter. The barcode was uniquely coordinated with the sgRNA (see
Methods section ‘Design and cloning of the DuMPLING library')
sequence to identify which sgRNA was expressed in which strain.
We loaded 40 pool-synthesized strains at a time into the micro-
fluidic device to phenotype on average 562 generations per strain
in an 8h experiment. Before phenotyping, the bacteria were grown
with dCas9 induced for 9 h to establish steady-state phenotypes. This
time also allowed the mother cell at the end of the cell trap to divide
enough times to set the genotype of the whole trap. To achieve suf-
ficient time resolution, we imaged each position (30 traps per posi-
tion) for 20 ms every minute in the phase contrast channel (example
of time-lapse imaging in Supplementary Video 2) and for 300 ms
every 2min in the fluorescence channel (514 nm at 5.3 Wcm™) (see
example of time-lapse imaging in Supplementary Video 3). This
limited us to 90 positions, or 2,700 cell traps per experiment. This
also gives enough traps per strain to account for uneven representa-
tion of individual genotypes in the library (Supplementary Fig. 3).
The limitation for how many strains we can analyze simultaneously
is currently set by the number of traps we can image during phe-
notyping (for example, how fast we can image and move the stage)
but not by how many strains can be made or genotyped in parallel.
After phenotyping, the barcode RNAs were expressed by T7
RNApol induction and the cells were subsequently fixed and per-
meabilized. The strains were identified in situ by sequential FISH
probing in four colors; each round of probing identifies the posi-
tions of four unique strains (see Supplementary Fig. 4 and the image
analysis subsection on ‘Genotyping' in Methods for details on quan-
tifying genotyping fluorescence). Each round was completed in
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less than 30 min, since no stripping of probes was required, and all
strains could be identified within 6h following fixation. In comple-
mentary experiments where we loaded all strains simultaneously,
we used combinatorial FISH probing which can identify N® geno-
types in R rounds of N colors. This combinatorial approach requires
stripping and rehybridizing probes to the same target, as opposed
to the sequential FISH approach used here, in which each barcode
RNA is targeted only once with no stripping step. The combination
of the slow and incomplete stripping in the chip with the inability to
use primary probes makes the combinatorial approach less practi-
cal (see Supplementary Note 2 for additional information about the
advantages and drawbacks of different genotyping methods in the
polydimethylsiloxane (PDMS) chip).

After connecting the genotypes to the phenotypes through
their spatial positions, we analyzed how the repression of indi-
vidual genes affected the cell size and growth rate (Fig. 2b, top) as
well as coordination of replication with the division cycle (Fig. 2b,
bottom). The kymograph for one of the 2,700 analyzed cell traps
is displayed in Fig. 2c. The bacteria were segmented using the
per object ellipse fit (POE) method* and tracked by the Baxter
algorithm®. The SeqA-YFP foci were detected by a wavelet-based
method® and the replication forks were tracked simultaneously
through the generations using the u-track algorithm® (Fig. 2c).
Each experiment, including 2,700 cell traps that were imaged
every minute for 8h, resulted in 220Gb of image data and took
2h to analyze on 45 cores using customized parallelized image
analysis routines.

The impact of perturbations on the E. coli cell cycle. In Fig. 3a—c
we show comparisons of the average growth rates and cell sizes at
division and replication initiation, respectively, for the 215 strains
for which we obtain data from a minimum of five independent
cell traps and 40 complete cell cycles (statistics are available in
Supplementary Table 1). The genotypes that are substantially dif-
ferent from the reference control strain (ref, see Methods section
‘Design and cloning of the DuMPLING library' for strain details)
in replicate experiments are indicated by the name of the sgRNA-
targeted gene. The sizes at birth (or division) and initiation can get
both bigger and smaller than ref, whereas growth rates typically only
get smaller. The birth size is the area of the segmented cell (Fig. 2b)
in the first frame after the division event, which in turn is defined by
the Baxter algorithm. The initiation size is defined in the Methods
(see Supplementary Fig. 5). The deviations from ref are mostly
uncorrelated between the properties, with two notable exceptions:
the tol-pal cluster is smaller and the fis, diaA cluster is larger in both
initiation and birth sizes (Fig. 3a).

As a control for correct genotyping and cell segmentation, the
average growth rates obtained from the single-cell time-lapse imag-
ing compare well with the corresponding bulk experiment (Fig. 3d).
To make bulk estimates of the growth rates, we performed a com-
petition assay of the whole library in liquid culture and deter-
mined the time-dependent relative abundance of each genotype
by next generation sequencing (NGS) (Fig. 3d, assay details in
Supplementary Note 3). Additional controls are described in
Supplementary Note 4. We compared the phenotypes of selected
strains from the DuMPLING screen with those obtained with the
corresponding knockouts or specific sgRNA knockdowns con-
structed and measured one strain at a time (Supplementary Note 4
and Supplementary Table 3). The good agreement in phenotypes
implies that the genotyping is robust, although there were notable
exceptions with off-target effects or where synthesis errors in the
sgRNA coding sequence were selected for (Supplementary Note 4).

An information-rich way to simultaneously characterize replica-
tion and cell cycle processes in individual strains is the fork dis-
tribution plot, which shows the probability of finding a replication
fork in a specific position in the cell (horizontal axis) for cells of
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a given size (vertical axis). The distribution for the ref strain is
shown in Fig. 3e. The data in the fork distribution plots can be used
to estimate the average initiation volume (see Supplementary Fig. 5,
the image analysis subsection on ‘Phenotyping' in the Methods and
ref. '*). The good agreement between this bulk estimate and the
average of estimates obtained from individual cells (see Fig. 3f for
comparison and Supplementary Fig. 5 and the image analysis sub-
section on ‘Phenotyping' in the Methods for estimation of a single-
cell initiation size) acts as a control for our ability to accurately esti-
mate initiation size for individual cell trajectories.

Figure 4 shows the fork distribution plots for all genotypes from
one experiment that met the criteria described in the figure legend
(for results from repeat experiments see Supplementary Figs. 6-11).
Most of these are similar to the unperturbed ref (Fig. 4a), but a
number of variant classes can be identified: Fig. 4b (fis, dedD
and so on) represents strains with large division size and Fig. 4c
(cIpP, nth, pal and so on) strains with small division size. Correspon-
dingly, Fig. 4d (fis, diaA and so on) represents strains with large
initiation size and Fig. 4e (tol, pal and so on) represents strains
with small initiation size. Figure 4f (hda, ihf and so on) represents
strains for which the replication initiation size is undefined, sug-
gesting that there may be important cell-to-cell variability in the
initiation size and, consequently, that these genes are important
for regulation of DNA replication. In this category, the recF and
skp phenotypes may be due to collateral repression of dnaA
and dnaE, respectively, which are located in the same operons
(Supplementary Table 4). The strains seqA, dam and damX have
few SeqA-YFP foci, which makes sense since dam encodes the DNA
methylase and SeqA only binds hemimethylated DNA. damX is
located upstream of dam in the same operon and its repression will
also downregulate dam.

By pooling data from different cells of the same genotype, we
lose information about cell-to-cell variation for the different geno-
types. As a first-order description of the cell-to-cell variation, we
plotted the coefficient of variation (CV) against the correspond-
ing average in growth rate, birth size and initiation size for each
genotype in Fig. 5a—c. Corresponding illustrative examples of the
full distributions are also given for selected genotypes in Fig. 5d-f.
For birth size, most perturbations give larger average as well as CV
(Fig. 5b). Interestingly, fis and dedD do, however, increase the aver-
age size without an increase in CV. In a few cases, the CV increases
much more than the change in the average. For example, hda repres-
sion gives an 80% increase in variation of the replication initiation
size with only a 10% reduction in the average (Fig. 5¢), suggesting
an important regulatory role. With respect to cell-to-cell variation
in growth rate, we observe a striking trend that gene knockdowns
that reduce growth rate also give rise to large cell-to-cell variation
(Fig. 5a). A plausible explanation is that the repression limits cell
growth in only one factor and that stochastic fluctuations in this
factor alone directly impact the growth rate. In general, the increase
in variation due to CRISPRi may indicate that the repressed gene
product has an active role in limiting the phenotypic fluctuations.
Alternatively, the phenotype is highly sensitive to the gene product
and thus increased relative fluctuations in the repressed gene prod-
uct cause increased fluctuations in the phenotype.

Discussion

Circling back to the original question of which genes are important
for triggering replication at a fixed cell size, a number of candidates
stand out in Figs. 4g and 5c. If we exclude genes with well-docu-
mented and clearly unrelated functions, we end up with hda, diaA,
ihfA, ihfB, fis, yjgH and yeeS. diaA is previously known for its direct
interaction with DnaA at replication initiation®. hda, ihfA, ihfB
and fis are all associated with DnaA-ATP to ADP cycling”. Further
characterization of yjgH shows that the observed phenotype is
due to an off-target effect of the sgRNA (Supplementary Note 4).


http://www.nature.com/naturemethods

ARTICLES NATURE METHODS

a Initiation size versus birth size b Growth rate versus birth size c Initiation size versus growth rate
1.2 4 . 1.2 4 ©
. ° @ OP
b 4 1 9
3 O\'\“\‘> ° o} ° 1.0 3 o} cg‘(\'\ak
CIERE goP b 1 CIERE
s £ 08 s
k& 1 o = U°7 G
£ 3 g o 5 S
c 1o} > B =
= 1.0+ °o.B o® ©° £ 1.0
4] P ® 0 g | ©
g | ° (o] oQ 2 0%@\)&(;0 o 1o g 0.6 o |
) o 9% 9 4 ]
< 09| ° < < 091 QP o2
o8, o 0.4 4 - o) 5 %
| oPo%s ' | oPhe? | n(o‘ﬂ’ \og‘ o)
N T T T T T T T T T ) T T R )
0.9 1.0 1.1 1.2 1.3 0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.7 0.8 09 ¥1.0 1.1
Average birth size Average birth size Average growth rate
d Growth rate e f
1.1 Initiation size
i . 1.2
= [o]
£z 09 b 1
c 0 - v o o = °
. el g F:
© 8 07 - Y I
o E | RN N N o
gc 5 S
g8 051 S g
= | €
034 ..
T T T T T T T 08 L T T 1
05 06 07 08 09 10 11 12 08 09 10 141 1.2

Position

Average growth rate from NGS

Fig. 3 | Phenotypic data averaged for each genotype. a-c¢, Two-dimensional

on cell long axis (um) - . .
9 H Initiation size single cells

plots in phenotype space, where CRISPRi knockdowns with notable

deviation from the reference control strain (ref, red dot in a-c and f) are labeled by the name of the targeted gene. Outlier dots have been classified

and labeled as follows: green, large birth size; cyan, small birth size; orange, |

arge initiation size; yellow, small initiation size; gray, few detected foci;

purple, undefinable initiation size. As these properties are not all mutually exclusive, dots may be multicolored. The numbers of data points used to
estimate the averages are given in Supplementary Table 1. Correlations to replica experiments are described in Methods section ‘Reproducibility of
the DUMPLING assay'. Horizontal, average normalized birth size; vertical, average normalized initiation size. b, Horizontal, average normalized birth
size; vertical, average normalized growth rate. ¢, Horizontal, average normalized growth rate; vertical, average normalized initiation size. d, Control
experiment showing the correlation between the relative growth rate derived from the DUMPLING experiments with that from a pooled competition

assay (Pearson correlation=0.7). The DUMPLING error bars correspond to t

he s.e.m.s normalized to the ref mean growth rate. For the NGS data,

error bars denote the s.e.m.s as estimated from 1,000 bootstrap resamplings of the quality-controlled NGS sequence data. The number of sequence

reads corresponding to each library member before and after competition is

given in Supplementary Table 2. e, Fork distribution plot. Horizontal,

SeqA-YFP cluster location along the long axis of the cell (from old cell pole to new); vertical, cell size, color indicates the probability of finding a

replication fork at a given position along the cell axis and at a given cell size.

Initiation size corresponds to the average of individually tracked

replication forks. f, Average normalized initiation size fit to bulk replication forks (vertical) (Supplementary Fig. 5a) compared with the average of
single-cell initiation size estimates (Supplementary Fig. 5b) (Pearson correlation =0.78, n=197 different genotypes, in which average initiation events
were detected (image analysis subsection on 'Phenotyping' in the Methods)). The number of data points used to estimate each average is given in

Supplementary Table 1.

The remaining uncharacterized gene that shows an evident per-
turbation in the accuracy of replication is yeeS. This gene deserves
more specific study. We also note that downregulation of pgsA does
not show a perturbation in replication initiation although the gene
product is key in the synthesis of fatty acids, which some studies
have implicated in DnaA-ADP to ATP conversion at the mem-
brane®. Thus, overall, our results support models for replication
initiation control based on (1) DnaA-ATP to ADP cycling through
the regulatory inactivation of DnaA (RIDA) mechanism mediated
by Hda”, (2) Fis and Ihf binding the DnaA reactivating sequences
(DARS)* and (3) datA locus dependent DnaA-ATP hydrolysis
(DDAH)"' regulated by Ihf.

We can envisage two types of mechanistic models that would
trigger replication at a nearly fixed volume per chromosome
and that, at least partially, can be mapped to genes identified in
this study. In the first type of model, DnaA is converted from an
ADP- to ATP-bound state at a rate proportional to the number of
chromosomes through RIDA and DDAH and from ATP to ADP at
a rate proportional to the cell volume; for example, by a saturated
enzyme present at a constant concentration. This enzyme remains

to be discovered. Such a modification-demodification model can
be made ultra-sensitive’ to the ratio of chromosomes and cell
volume, but it is hard to rationalize the role of the DARS sites in this
context. In the second type of model, the concentration of DnaA-
ATP is kept constant such that the number of DnaA-ATP molecules
is proportional to the volume of the cell. If, in addition, DnaA mole-
cules are bound to high-affinity titration sites on the chromosome,
that is, DnaA-boxes, the free DnaA-ATP concentration shoots up
and replication initiates when the titration sites are filled; that is, at
a fixed volume-to-titration site ratio. The importance of the DARS
sites is equally mysterious in this model. Additional work is needed
to precisely define the mechanistic details of replication initiation.
The DuMPLING approach, here scaled up from a proof of
principle’® and deployed to identify the key regulators of the
E. coli cell cycle, can be used to study all sorts of complex dynamic
phenotypic traits that require sensitive or time-lapse micro-
scopy for characterization. Plausible extensions include studies of
gene expression dynamics in response to recoded promoter
sequences, or other geneticregulatoryelements; orlive-cell enzymatic
assays as a function of active site residue mutations. In eukaryotic
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Methods
Strain construction and cloning. Design and cloning of the DuMPLING test
strain. The DuMPLING recipient strain for studying CRISPRi perturbations
of cell cycle-related genes (EL685, test strain) was made based on a previously
published E. coli strain in which SeqA is expressed as a translational fusion to a
yellow fluorescent protein (YFP)*. To make the test strain, we used generalized
P1 phage transduction to transfer an arabinose-inducible T7 RNApol gene
with a tetA selection marker in the araB locus from BL21-AI (Thermo Fisher
Scientific) to the SeqA-YFP strain. Then, we repeated the transduction procedure
to transfer a previously optimized low-leakiness aTc-inducible dCas9 gene with
a spectinomycin resistance marker in intC'® to the combined SeqA-YFP and T7
RNApol strain. This produced the E. coli MG1655 INSseqA::yfp-cat INSaraB:: T7
rnapol-tetA DELaraB INSintC::tetR-dcas9-aadA test strain (EL685). The seqA-yfp
locus and both transduced constructs were confirmed by colony PCR and by
Sanger sequencing the flanks of the PCR products (T7 rnapol-tetA) or the complete
constructs (seqA-yfp and tetR-dcas9-aadA).

Further, we tested the in vivo functionality of all three genetic constructs
in EL685 as follows. First, the presence of SeqA-YFP foci in the test strain was
microscopically confirmed using the setup described in the microscopy section
below. Second, we transformed the pGuide-P1-lacY plasmid that carries the P1
barcode after the T7 promoter from ref. '° into our test strain (creating EL464) to
confirm our ability to induce T7 RNApol and express and detect RNA barcodes
from T7 promoters. Induction of P1 barcode expression and genotyping using
FISH with a truncated P1 probe complementary to the P1 barcode'® were
performed in the same manner as in the DuMPLING screen. Finally, we tested the
inducibility of our CRISPRi system. We used an sgRNA targeted against the lactose
permease gene lacY and cultured cells in the presence of glucose or lactose, which
should lead to inhibition of growth only in lactose media with aTc induction. To
perform this assay, the growth of the test strain with the pGuide-P1-lacY plasmid
(EL464), constitutively expressing an sgRNA against lacY, was compared with
that of the test strain transformed with pGuide-empty (EL261), a negative control
plasmid’®. Three separate colonies each from the test strain with pGuide-P1-lacY or
pGuide-empty were inoculated in lysogeny broth with 50 pg ml~! kanamycin (Km)
and grown at 37 °C, shaking at 200 r.p.m. until in mid-exponential phase. Each
replicate culture was diluted 1:400 into wells with 200 pl supplemented M9 (100 uM
CaCl,, 2mM MgSO,, 1X M9 salts, 1x RPMI amino acid mix (Sigma)) with
50 pgml~' Km, either 0.4% (wt/vol) glucose or lactose, and either 0 or 100 pgpl!
aTc to induce CRISPR, in a transparent 96-well plate with lid (Costar Assay Plate,
REF 3370, Corning). The growth assay was carried out in an Infinite M200 plate
reader (Tecan) at 37 °C, shaking for 60 s at 4.5 mm amplitude and measuring the
absorbance at 600 nm (optical density 600) every 5min. After medium background
subtraction, the growth curves for each well were plotted (Supplementary Fig. 2)
using a custom MATLAB script. There was an expected difference in growth
rate between carbon sources; however, there was only a reduction of growth rate
within a carbon source when cells were grown on lactose and aTc, with sgRNA
expression from the pGuide-P1-lacY plasmid, confirming the function of the
inducible dCas9 construct.

Design of CRISPRi spacers. Genes directly and indirectly connected to the E. coli
cell cycle (that is, genes annotated with cell cycle-related gene ontology terms in
the EcoCyc database*, as well as genes connected to lipid, membrane, cytoskeleton
or RNA modifications, or with unknown functions) were selected as targets

for the CRISPRi library. However, genes annotated as essential in the EcoCyc
database were excluded. One exception is the essential gene dnaA, the initiator of
replication, which was added as a control. Further, the genes holD, ihfA, rnt, ybeY
and yda$ were included in the library but later identified as essential®. A spacer
(yfp) against the specific yfp gene used for the SeqA-YFP fusion™ was included as
a control for CRISPRi of the SeqA-YFP expression. All selected genes are listed in
Supplementary Table 5.

The spacers against the targeted genes were derived from an annotated FASTA-
file of all E. coli K12 MG1655 coding sequence (Genbank: U00096-3) using custom
MATLAB functions. Non-template strand binding spacers with an ‘NGG’ PAM
site, a GC-content <75% and >25%, and absence of restriction enzyme sequence
motifs for use in subsequent cloning steps (Bpil ‘GAAGAC’ and its reverse
complement, Apal ‘GGGCCC’ and Smal ‘CCCGGG’) were considered. SeqMap*®
was used to find off-target sites in the genome with up to five mismatches. Only
spacers where all identified off-targets had >4 mismatches in total with >2 in the
extended seed sequence of the spacer (the PAM-proximal 12 nucleotides (nt)) were
included in the library. For this purpose, NAG’ PAM sites were added to the count
of extended seed mismatches. Finally, among all of the passed spacers, the spacers
closest to the start codons of the genes were selected for the library. All selected
spacers are listed in Supplementary Table 5.

Design of barcodes. The 20-nt barcode sequences were randomly generated and
filtered from forbidden sequence motifs using custom MATLAB code. Specifically,
sequences with Schl or Bpil restriction enzyme target sites, or partial target sites
that could be recreated in later steps, were removed: SchI ‘GAGTC; its reverse
complement (rc) site and their partial AGTC’ and ‘ACTC sites in the 5’ end of

the barcode. Bpil ‘GAAGAC; its rc site and their partial ‘GAAGA and ‘GTCTT

sites in the 3’ end. Further, to limit the risk of G-quadruplexes and other stable
structures, not more than two G’s or C’s in a row were allowed, and only one

G in the 5" and 3’ ends. Then, the barcodes were subjected to an initial screen

for hairpins, dimers, GC-content and melting temperature using the MATLAB
Bioinformatics toolbox with the following settings and boundaries: Hairpins 3 bp,
dimers 6 bp, salt concentration 341 mM, oligonucleotide concentration 0.1 pM,
45% < GC-content <70% and 55 °C < melting temperature <65 °C. UNAFold”
was used to more thoroughly screen a million such MATLAB-generated barcode
sequences for hairpins and self-dimers using the settings temperature 25 °C, salt
concentration 341 mM and oligonucleotide concentration 0.1 uM. Barcodes with
melting temperatures of hairpins >28 °C and of self-dimers >10°C were removed,
leaving 425,567 barcodes. The remaining barcodes were used to generate a list of
internally unique barcodes using custom MATLAB code and the Bioinformatics
toolbox local alignment tool, producing 1,888 barcodes with <14 total matches
and <8 consecutive matches against any other barcode in the list. In principle,
these barcodes are usable for genotyping using direct FISH. However, to enable
use of the barcodes for combinatorial FISH genotyping (Supplementary Note 2),
additional sequence elements were added, including four mutually orthogonal
elongation probe sequences using our previous design (see ref. '°) and the third/
fourth elongation probe sequences ‘taggtggtccgaatccatc’/‘ggatcgtgatagecttgga,

and the resulting sequences were further filtered. UNAFold was used to screen
for hairpins and self-dimers using the same settings as above but the results were
filtered with relaxed thresholds of >50°C for hairpins and >30°C for self-dimers
for all barcode + elongation probe sequence combinations. This left 275 barcodes,
of which 243 were considered for use in combinatorial FISH (Supplementary Note
2) and 40 were used for direct FISH. The 40 barcodes selected for use in the direct
FISH DuMPLING cell cycle CRISPRi screen are listed in Supplementary Table 5.

Design and cloning of the DuMPLING library. The 234 spacers targeting E. coli
genes for CRISPRi were divided into six subpools and paired up with barcodes
2-40 within each subpool. The internal library control sgRNA (yfp) was

selected as the first library member of each subpool and paired with barcode 1
(Supplementary Table 5). The general design of the oligonucleotides in the pool

is as in our previous work'®. Briefly, the sgRNA is expressed by a constitutive
sigma 70 promoter in the opposite direction of the T7 promoter for conditional
expression of the RNA barcode, which is transcriptionally fused to a stable RNA
that allows for accumulation of the RNA barcode in the cell. The barcode and
spacer parts, with the divergent T7 and sigma 70 promoters in the center, are
flanked by upstream ‘GAAGACATTCCC’ and downstream ‘GTTTATGTCTTC
Golden Gate sites for cloning into the pGuide plasmid'®. Finally, the Golden Gate
sites are flanked by subpool-associated orthogonal primer sites, generated using
custom MATLAB code, enabling specific amplification of individual subpools
from the oligonucleotide pool that was acquired from a commercial manufacturer
(CustomArray). The complete oligonucleotide library divided into the six subpools
with the primer sites included is available in Supplementary Table 5.

The six subpools were amplified from the oligonucleotide pool using Emulsion
PCR as in our previous study’® to minimize the risk for chimera formation and
amplification bias. Pooled pGuide plasmid library assembly using Bpil Golden
Gate and transformation of the test strain using electroporation was also as in our
previous work, but each subpool was separately transformed. After recovery, the
library cultures were split between (1) plating on lysogeny broth agar plates with
50 pg ml~! Km for colony-forming unit (c.f.u.) estimations and colony PCRs, and
(2) dilution 1:100 for selective growth with 50 ugml~ Km either in supplemented
M9 medium (100 pM CaCl,, 2mM MgSO,, 1x M9 salts, 1x RPMI amino acid mix
(Sigma), 0.1 mM uracil, 0.4% succinate) or in lysogeny broth at 37 °C overnight
to make glycerol cryostocks used for routine handling of the libraries. From the
colony count of the plated portion we calculate that the post-recovery c.f.u.s for the
electroporated subpool cultures used to inoculate overnight cultures for making
library cryostocks were in the range of 34.8-100 million. The transformation
of library subpools 1-6 into the test strain (EL685) created the library strains
EL687/744/746/748/750/752. The c.f.u.s of all six subpool cryostocks ranged from
~0.4 to 2.7 million per pl and DuMPLING experiment inoculations were done
with at least 1 million c.f.u.s to avoid library representation bottlenecks. Initial
quality control of the plasmid libraries was done by Sanger sequencing of 48 colony
PCR products (colony PCR and sequencing primers as in ref. '). No chimeras were
found. For a more detailed analysis of library errors, see Supplementary Note 4.

Finally, a series of knockdown control plasmids based on pGuide were
constructed, all harboring the barcode for the P1 probe'®. First, different spacers
were selected for quantitative PCR experiments (Supplementary Note 1) or for
individual analysis on the chip (Supplementary Note 4) as controls for DuMPLING
CRISPRI results: clpP (EL654), dnaQ (EL655), pgsA (EL1215), recA (EL656),
fis (EL1089), Ipp (EL653), diaA (EL1090), ikfA (EL1091), ihfB (EL1092), uvrD
(EL1093), dps (EL1649), hsdR (EL1650), mutS (EL1651), rob (EL1652), yafN
(EL1653), yjgH (EL1334), dedD (EL1331) and yajC (EL1345). Second, to account
for potential lack of specificity in interesting but unexpected phenotypes from the
CRISPRIi screen, three off-target control plasmids with a second spacer lacking
homology to the first one for the dedD, yjgH and ybaN genes were made (EL1333,
EL1336 and EL1343, respectively) (Supplementary Note 4). Third, the negative
control pGuide-P1-Ola plasmid expressing the lacOlarray-NT1 sgRNA*, whose
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target lacks a PAM site, was used to make a reference strain (ref) (EL702) for the
DuMPLING CRISPRIi screen (as described in the microscopy section). All control
plasmids’ sgRNA and barcode sequences were confirmed using Sanger sequencing.

Construction of single gene knockout control strains. Keio collection knockout
strains™ were made as controls for the dedD, yjgH, ybaN, yajC and clpP
DuMPLING knockdowns in the DuMPLING test strain (EL685). dedD
(ECK2308), yjgH (ECK4242), ybaN (ECK0462), yajC (ECK0401) and clpP
(ECK0431), corresponding to the Dan Andersson laboratory strains K1052,
K1531, K583, K964 and K307, were phage transduced into the DuMPLING test
strain using the knockout strains’ Km resistance marker (kanR) for selection. The
flippase plasmid pCP20 (ref. *’) was used to flip out the kanR cassettes and the cat
gene (from seqA-yfp-cat) simultaneously from all knockout strains, but only the cat
gene from the DuMPLING strain, to be used as a control. All gene deletions and
flipping out of the resistance cassettes from both the knockouts and their control
strain were confirmed by colony PCR using flanking locus-specific primers, Sanger
sequencing of the PCR products and sensitivity towards the removed resistances.
To confirm that the deleted genes had not survived through a genomic duplication
event, additional colony PCRs were made using coding sequence-internal primers.
Additionally, the DuMPLING test knockout strains were transformed with the
negative control plasmid pGuide-P1-O1la to better mimic the conditions during
the DuMPLING screen. This produced the final DuMPLING test knockout strains
for dedD (EL1288), yjgH (EL1286), ybaN (EL1282), yajC (EL1283), clpP (EL1607)
and the control strain with only the cat gene flipped out (EL1274). All strains are
listed in Supplementary Table 6.

Microscopy experiments. Media. The medium used in the microscopy
experiments, unless stated otherwise, is referred to as growth medium (GM) and
is composed of 100 pM CaCl,, 2mM MgSO,, 1X M9 salts, 0.4% (wt/vol) succinate
(Sigma), 1x RPMI 1640 amino acid mix (Sigma), 0.1 mM uracil and 0.0425%
(wt/vol) Pluronic F108 (Sigma) supplemented with 50 pg ml~* Km.

Optical setup. All microscopy experiments were carried out on a Ti2-E microscope
(Nikon) equipped with a Plan Apo Lambda 100X objective (Nikon). All images
were captured on a Zyla 4.2 (Andor) camera attached to the side port of the
microscope eyepiece tube base. In both the phenotyping and genotyping
experiments, the phase contrast imaging used a light-emitting diode light source
(Nikon) together with an external phase module. For fluorescence imaging in the
genotyping experiments, the sample was illuminated episcopically using a SOLA
SE 365 FISH (Lumencor) attached to the microscope using an LG-N31 collimator
(Sutter Instruments). The light from the SOLA is filtered by an excitation filter
and mirrored on a dichroic before passing through the objective and illuminating
the sample. The emitted light from each dye-labeled FISH probe passes through
the same dichroic and is filtered by an emission filter. Each dye that is used has a
specific combination of filters and dichroic: The filter combinations used are FF01-
642/10, FF665-Di02 and FF02-684/24 for imaging of Cy5/TYE 665; FF01-585/11,
Di02-R594 and FF01-625/15 for imaging of Texas Red; FF01-530/11, FF555-

Di03 and FF01-575/19 for imaging of Cy3/TYE 563; and finally FF01-473/10,
Di02-R488 and FF01-524/24 for imaging of Alexa 488. All filters are manufactured
by Semrock. For fluorescence imaging in the phenotyping experiment, samples are
episcopically illuminated using a 300mW 515 nm Fandango laser (Cobolt). Before
reaching the objective, the laser beam is shuttered using an AOTFnC together
with MDPS (AA Opto-Electronic). The laser beam is then expanded ~21 times
before being focused on the back aperture of the objective. The expanded laser
light is reflected on a dichroic mirror, z405/514rpc (Chroma), before reaching

the objective. The emitted light from the SeqA-YFP passes the same dichroic and
is filtered by a RazorEdge Long Pass 514 (Semrock). During the phenotyping
experiments, the microscope stage and the sample are kept at constant temperature
using a temperature unit and lexan enclosure manufactured by Okolab.

Cell growth before loading the microfluidic chip. The E. coli cells were inoculated
from glycerol stocks into lysogeny broth supplemented with Km at 50 pg ml™!
(Sigma), and grown overnight in a 30 °C shaking incubator. The overnight
cultures were diluted 1:500 in GM and grown for an additional 3h in a 30°C
shaking incubator.

The microfluidic device. The microfluidic chip is made of PDMS (SYLGARD
184) bonded to a No. 1.5 coverslip (Menzel-Gliser). The process for making
the mold, including 300 nm features, for the PDMS casing is described in ref. "*.
The microfluidic chip is mounted on the microscope and tubing (TYGON) is
connected to the chip with metal tubing connectors. In some of the experiments we
use a modified version of the chip, where the traps are slightly narrower, and the
empty reference trap has constrictions in both ends.

Ports 2.0, 7.0, 8.0, 5.1, 5.2, 2.1, 2.2 and 6.0 (see Supplementary Fig. 1) are
punched and connected to media containers. When pressures are listed, any
port not included was left open and unpressurized. During most microfluidic
procedures the GM containers are placed as follows: ports 2.0 (media in, front
channel) and 6.0 (media in, back channel) containers are placed slightly higher
than the chip and approximately 40 cm higher than the microscope table on which
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the other containers are placed. However, during cell loading the back channel
tubes (5.1, 5.2 and 6.0) are placed lower compared with the other media-containing
tubes to increase flow from the front channel across the cell traps, thereby
increasing the bacterial cell loading efficiency. After loading, the tube attached to
port 6.0 (media in, back channel) is returned to 40 cm above the microscope table
and the containers for ports 5.1 and 5.2 (back channel waste ports) are placed on
the microscope table, thus using gravity to maintain a constant flow of media in
the back channel.

Cell loading. The microfluidic chip is mounted on the microscope where the
lexan enclosure has been preheated to 26 °C and wetted in GM supplemented
with 1 pgpl~ aTc using a pressure regulator (Elvesys). In ref. ', we show that

the replication initiation triggering is consistent across many different growth
conditions and we do not expect any difference with respect to the regulatory
mechanism in the particular conditions used in this paper. Cells were loaded into
the 1,000-nm traps from channels 2.1 and 2.2 (see Supplementary Fig. 1), with
waste to ports 7.0 and 8.0 (pressures: 2.0: 60 mbar; 2.1: 180 mbar; and 2.2:

180 mbar; further details as described in ref. °). After loading, the port configura-
tion and pressures were 2.0: 190 mbar; 7.0: closed; and 8.0: closed. After trapping
the cells, the flow of fresh GM +aTc is adjusted to flow in both the front and
back channels.

Phenotyping. After 10h of aTc induction at 26 °C, 90 positions on the chip are
imaged in phase contrast (20 ms exposure) every minute and in fluorescence
(515nm, 5.3 W cm™, 300 ms exposure) every second minute for 8 h. Imaging is
performed using in-house plugins to Micromanager.

Genotyping. After phenotyping, the RNA barcode expression is induced by adding
GM containing 2% (wt/vol) arabinose (Sigma) to the chip for 3h at 30°C. The
medium was switched by opening and applying pressure from ports 7.0 and 8.0,
reducing the pump-applied pressure to port 2 to zero, switching the medium
reservoir containing GM with one containing GM + 2% arabinose, then reversing
these steps to result in the configuration described for phenotyping above. All of
the following steps are performed at room temperature. After arabinose induction,
cells are fixed with 4% formaldehyde (Sigma) in PBS for 20 min followed by a PBS
wash step. The fixed and washed cells are then permeabilized by 70% EtOH for
30min (ports 7.0 and 8.0 open). Next, cells are rehydrated by sequential flowing in
40% EtOH, 20% EtOH and PBS for 20 min each. The rehydrated cells are probed
with the reference strain (0.1 pM) probe (TYE 563) in 30% formamide (Sigma) and
2% SSC overnight. This allows the microscope to stabilize at room temperature
before imaging. All positions are imaged in phase contrast (20-ms exposures) and
in fluorescence (Cy3/TYE 563 channel, 500-ms exposures). Switching the fluids for
genotyping of the 40 library members was performed manually or fully automated
(using the M-Switch and the 2-Switch (Fluigent)). Pools of four probes (0.1 uM
each) in 40% formamide and 2 X SSC were added to the chip in ten separate
rounds. Each round of probes was flowed into the chip for less than 7 min and
incubated in the chip for 20 min before imaging all positions with phase contrast
(20-ms exposure times) and with epifluorescence of the probes individually

(TYE 665, TYE 563, Texas Red and Alexa Fluor 488) (500-ms exposure times).
Imaging of all positions in phase contrast and four colors of fluorescence takes

less than 7 min and the next round of probes is added immediately after finishing
the imaging.

Image analysis. Phenotyping. The code for image preprocessing, cell segmentation
and cell tracking is mainly based on the code described in ref. '°. Since the same
camera was used for the acquisition of phase contrast and fluorescence images,

no landmark-based registration was required. Stacks of phase contrast images
were aligned using normalized cross-correlation in the region of the dot barcodes
imprinted next to empty traps.

Fluorescently labeled SeqA-YFP clusters were localized using the dot detection
algorithm from ref. **. To deal with overlapping spots, we measured the aspect
ratios of ellipses with the same normalized second central moments as the spots.
If the aspect ratio of an ellipse was >2, the corresponding spot was split into two
parts along the minor axis, passing through the weighted spot centroid. For each of
the parts, a new weighted centroid was calculated.

For estimation of a single-cell initiation size, we considered a joint set of dots
detected in the cell and one of its daughter cells. The dots were connected into
tracks using the single particle tracking algorithm u-track®. We used the settings
that allow tracks to split and merge. The obtained tracks were sorted by their initial
appearance frames. The track with the earliest initial appearance frame that also
contained dots both in the mother and the daughter cells were used to estimate
the initiation size. The cell size in the track’s appearance frame was used as an
estimate of the cell initiation size. The average of single-cell initiation sizes (see
Supplementary Fig. 5b) was computed by fitting a histogram of the data with a
Gaussian. We used the MATLAB function fit(‘gauss1’) and excluded estimates if
the coefficient of determination was <0.7.

To estimate an average initiation size in bulk (see Supplementary Fig. 5a),
we used an error function-based fitting'®. We excluded estimates if the spread of
initiation s; was >0.7.
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Genotyping. The phase contrast images were preprocessed the same way as in
phenotyping above, and used for cell segmentation. Traps filled with cells by less
than 20% were discarded. We computed an average cell pixel intensity I(t,r,f) per
each trap ¢, round r and fluorescence channel f. To deal with noise and unspecific
aggregation of clusters in the Texas Red channel, we excluded in I(t,r,f) the highest
and the lowest 2.5% data values and the average intensity in the empty trap from
the same position as trap t. For each fluorescence channel f, we computed a signal
lower threshold by fitting the histogram of all trap signals in all rounds in the
channel with a Gaussian. We used the MATLAB function fit('gauss1’) for the
fitting. As shown in Supplementary Fig. 4, the threshold is 5=p(f) + 7 X 5(f) where
u(f) is the mean and o(f) is the standard deviation of the fitted Gaussian. We said
that cells in trap ¢ show a genotype in round r and channel f, if it is the earliest
round where I(t,7,f) > 8(f) and either r=1 or I(t,r,f) > I(t,r — 1,f) + 0.5 x 8(f).

Statistics and reproducibility. Statistics. No statistical tests were used in this work.
Pearson’s correlation coefficient was used to compare growth rates obtained using
the DuMPLING method and the NGS method (Fig. 3d), to compare initiation sizes
as determined by single-cell analysis and bulk analysis (Fig. 3f) and also to estimate
the reproducibility between repeated DuMPLING experiments. Error bars are used
in Fig. 3d to represent the standard error of the mean and generated as described in
the figure legend. Please refer to the Reporting Summary for additional information.

Reproducibility of the DuMPLING assay. The entire DuMPLING assay was repeated
at least two times for each library subpool. In Supplementary Figs. 6-11 we show
multiple fork plots from several independent experiments for each genotype.
Overall, the reproducibility is high, which is also substantiated by the correlation
plots (Supplementary Fig. 12) of the main phenotypic traits between the two sets
of experiments. In a few cases, such as dam and clpP, the fork plot distributions
look different between the experiments. This variability is predominantly due

to randomness in how many cell traps with erroneous sgRNA appear in each
experiment. The case of cIpP is discussed further in Supplementary Note 4, where
selected genotypes of the DuMPLING screen are compared with strains with
single-gene knockdowns. Please refer to the Life Sciences Reporting Summary for
additional information.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The microscopy images and image analysis output associated with the DuMPLING
experiments are publicly available at the Image Data Resource (https://idr.
openmicroscopy.org/) under the accession number idr0065. Other data from this
study are available from the corresponding author upon request.

Code availability
The code used to analyze the DuMPLING microscopy images and generate figures
associated with the DuMPLING experiments is provided as Supplementary Software.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

X OO

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

X X

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

[

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Image preprocessing was made using custom MATLAB code and cell segmentation was made using the POE algorithm(version 2015) in
Python, cell tracking was made using the Baxter algorithm (free software under MIT license, version 1.5.1) and u-track (free software
under GNU General Public License, version 2.1.1)

Data analysis Custom MATLAB code was used for image data processing and analysis of derived strain-specific genotypic and phenotypic data. NGS
data was demultiplexed automatically on the iSeq machine (v100, lllumina), reads were joined using the open source software fastg-join
(version 1.3.1), and data was analysed using custom Python code.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Raw data will be publically deposited and accession codes will be provided before publication. The following figures will have associated raw data: Fig 3, Fig 5, Fig
ST3, Fig STS and Fig S1.
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Data exclusions  For the DUMPLING microscopy imaging data, the following cell lineages were excluded from analysis: (i) Cell outlines where the size transiently
dropped or increased by large amounts were deemed as missegmentation and not used in further analysis. (ii) Lineages from one cell
generation with large shifts in size (non-transient) were excluded from further analysis. (iii) Lineages from one cell generation with
large center of mass movements of the cell outlines were excluded from further analysis. Finally (iv), lineages from one cell generation
with very short life span were excluded from further analysis unless they contained both a mother and two daughter cells. Further, to exclude
strains present in a low number of traps making the derived data sensitive to strain mutations, we set the minimum traps threshold for
specific strains at 5. Also, to ensure that we had sufficient strain-specific data for calculating reliable cell cycle-related characteristics, the
minimum number of complete cell cycles threshold was set to 40. These limits were set empirically and were not pre-established. They are
also reported in the manuscript.

For the NGS data, individual reads were discarded that could not be reliably mapped to one of the DUMPLING library members or that
displayed mutations (mutations in sgRNA or sgRNA promoter) which would deactivate CRISPRIi.

Replication Yes the DUMPLING experiments were replicated successfully. The new section "4 Statistics and Reproducibility" is added to the Online
Methods.

Randomization Randomization was not necessary as we are not testing hypothesis.

Blinding Blinding was not necessary as we are not testing hypothesis

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging
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