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Abstract

Key points

Bacterial single-cell transcriptomics is revolutionizing our understanding of
cell-to-cell variation within bacterial populations and enables gene expression
profiling in complex microbial communities. Using the eukaryotic multiple
annealing and dC-tailing-based quantitative single-cell RNA-sequencing
(scRNA-seq) (MATQ-seq) approach, we have developed a robust bacterial
scRNA-seq protocol, which integrates index sorting, random priming and
rRNA depletion. This method stands out for its high rate of cell retention and
its suitability for experiments with limited input material, offering a reliable
method even for small sample sizes. Here we provide a step-by-step protocol
covering the entire process of generating single-bacteria transcriptomes,
including experimental and computational analysis. It involves (i) single-
cellisolation via fluorescence-activated cell sorting (FACS) and cell lysis,

(ii) reverse transcription and cDNA amplification using robotic liquid handling,
(iii) rRNA depletion, (iv) indexing and sequencing, and (v) data processing
steps to start comprehensive data analysis. Using model organisms such as
Salmonella enterica, we show that the method achieves a retention rate of 95%,
defined as the rate of initially sorted cells converted into effective sequencing
libraries. This substantially surpasses other available protocols. The method
robustly detects 300-600 genes per cell, highlighting its effectivenessin
capturing abroad transcriptomic profile. The entire procedure from FACS-
based single-cellisolation to raw data generation spans ~5d. As MATQ-seq has
already been provenrobust in several bacterial species, it holds promise for
the establishment of a streamlined microbial scRNA-seq platform.
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¢ MATQ-sequencing-based
bacterial single-cell RNA-
sequencing enables high-
resolution transcriptomic profiling
of heterogeneous bacterial
populations and is well-suited

for experimental settings with
low input material.

¢ The method offers high
sensitivity and detection of a
large number of genes per single
bacterium, and successfully
produces libraries for 95% of
sorted cells.
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Introduction

Advances in single-cell RNA-sequencing (scRNA-seq) have enabled unbiased, high-throughput
and high-resolution transcriptomic analysis of individual cells. While now routine for eukaryotic
cells, application of scRNA-seq to bacteria is more challenging. Eukaryotic scRNA-seq methods
cannot be easily adapted to bacteria because of the unique properties of bacterial RNA
molecules, such as the absence of a poly(A) tail, the low quantities of RNA per cell (femtograms)’
and the very short RNA half-life. In addition, the presence of a robust cell envelope renders
effective bacterial cell lysis difficult. Over the past years, these roadblocks have been overcome
and several scRNA-seq protocols have become available’~. Here, we detail our current SCRNA-
seq protocol, which comprises the capture of RNA molecules from FACS-sorted single bacteria,
reverse transcription and cDNA amplification using the multiple annealing and dC-tailing-
based quantitative scRNA-seq (MATQ-seq) workflow and rRNA depletion. The protocolis

highly modular and, due toits high retention rate, it is applicable to profiling large bacterial
communities as well as samples with very limited input material.

Development of the protocol

MATQ-seq was originally introduced by the laboratory of Chenghang Zongin2017°as a
eukaryotic scRNA-seq protocol designed to profile RNA molecules viarandom priming.

We adapted the approach to profile the transcriptome of individual bacteria using model
species such as Salmonella enterica and Pseudomonas aeruginosa and were able to define
the transcriptomic adaptions of bacteria exposed to different stimuli. In the original

paper’ published in 2020, the method captured several hundred genes per bacterium,

but the sequencing data were dominated by reads originating from rRNA. Therefore, ina
follow-up study®, we incorporated rRNA depletion using a Cas9-based cleavage protocol
(depletion of abundant sequences by hybridization (DASH))*'°, which allowed us to reduce
the sequencing depth, driving down associated costs (Supplementary Table1)°. To further
enhance the robustness and sensitivity of our original bacterial MATQ-seq protocol, we also
sought toimprove it through the use of more effective enzymes, more efficient lysis and the
implementation of automation®. The advanced protocol can reliably detect between 300
and 600 transcripts per single S. enterica cell, which represents a substantial improvement
compared with the initial version of the protocol.

Overview of the procedure

Following culture, individual bacterial cells are first isolated by FACS and sorted directly

into 96-well plates (Steps 1-8). After cell lysis, asequential reverse transcription reaction

is performed using MALBAC primers. These primers enable linear amplification and high
efficiency through random priming". They also have a unique sequence that induces looping
of fullamplicons, thereby reducing amplification bias by excluding full amplicons as templates
for subsequent PCR reactions. Reverse transcription is followed by enzymatic digestion of
primers and RNA. The single-stranded cDNA is then subjected to poly(C) tailing, which allows
efficient and uniform cDNA capture using MALBAC primers for second-strand synthesis. cDNA
amplificationis carried out via PCR, followed by quality control (QC) (Steps 9-43). Libraries are
generated through multiple steps that include DASH-based bacterial rRNA depletion before
they are tagmented with unique Illuminaindexes, pooled and sequenced (Steps 44-76). For data
analysis, sequencing data are aligned to the respective reference genomes and single cells are
associated to their individual indexes (Steps 77-91). A flowchart of the protocol and the library
compositionis provided in Fig. 1.

Advantages and limitations

The MATQ-seq protocol is unique in that it analyzes individual bacteria using a one-cell-per-
well approach. It can easily be implemented with standard laboratory equipment and does not
require prior fixation of bacterial cells. Its clear advantages are a high cell retention and a high
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Fig.1| Overview of the MATQ-seq workflow. a, The workflow is structured into two main steps: cell isolation and cDNA
synthesis (left) and library preparation including DASH for rRNA depletion (right). All pipetting steps can be automated
using aliquid handling robot, except for all cleanup and QC steps. Adapted with permission from ref. 8, ASM. b, lllustration
of the final MATQ-seq library using the [llumina Nextera XT library preparation kit. In addition to the region of interest
containing the RNA-derived cDNA, the library includes Illumina and MATQ-seq specific sequences derived from dual
indices, sequencing adapters and MALBAC primers. Sample indexing and demultiplexing is based on unique dual indexes
implemented during the index PCR. The scheme illustrates sequencing in single-end mode for read 1, using 100 cycles.

number of detected genes per cell. It therefore offers an accessible approach that is an excellent
choice for applications requiring a high resolution or for experimental settings with low input
material. There are also drawbacks to the method. Due to the plate-based approach, MATQ-seq is
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limited in throughput to the100-1,000 cell range. Furthermore, isolation of individual bacteria
isa prerequisite for the successful implementation of the protocol. Labour and costs per cell
are higher compared with droplet-based approaches or split-sequencing-based methods,
discussed further below (Supplementary Table 1)°. A disadvantage of DASH-based rRNA
depletionis thatitinvolves the design of tailored single-guide RNAs for each bacterial species.

Applications

MATQ-seq canreadily be applied to profile heterogeneous transcriptional responses of isogenic
bacteriato their environment or to monitor variations in host-pathogen interactions within
bacterial populations. Owing to the high sensitivity and retention rate, MATQ-seq is uniquely
suitable for experimental settings with limited input material such as intracellular bacteria or
less abundant bacteriain tissues. Since the method relies on FACS to isolate individual bacterial
cells, it can be coupled to index sorting. Additionally, markers such as antibodies targeting
surface antigens and/or nucleic acid-binding dyes can be used to enrich for specific, potentially
rare bacterial populations™. Bacteria can also be engineered to express fluorescent reporters
toisolate bacterial populations based on their distinct fluorescence profiles, thus allowing
multimodal profiling of bacteria®. So far, MATQ-seq has been applied to model organisms such
as S. enterica and P. aeruginosa’®. It should be applicable to other species as well, although some
optimization might be required, for example, to achieve optimal bacterial lysis. The protocol
includes several QC steps that can be used to adapt it to other bacterial species. Furthermore,
the MATQ-seq workflow can be extended to a small-scale bulk approach with up to 1,000
bacteria per well.

Alternative methods

Since the initial reports of scRNA-seq in bacteria in 2020 and 20217'*", the number of
protocols has increased with afocus on maximizing throughput and sensitivity. Here, we give
abriefoverview of these methods, but refer the reader to more comprehensive comparisons
published elsewhere’™. Several available protocols use a split-pool barcoding approach' to
increase the throughput. Examples include microSPLiT" and PETRI-seq", which only require
standard laboratory equipment. With multiple rounds of barcode ligations these methods are
able to exponentially increase barcode combinations to individually label thousands of cells
inasingle experiment at alow cost per cell. Droplet-based approaches such as 10x Genomics
or custom microfluidic systems have also been implemented, combining split-pool and
droplet-based barcoding via microfluidics. These include smRandom-Seq”, M3-seq'® and
BacDrop”. Microfluidic handling increases throughput by a factor of 10 compared with
microSPLiT and PETRI-seq, allowing analysis of up to 100,000 cells. The high throughput
nature of these methods comes with a high drop-out rate: for many individual bacterial
transcriptomes none or very few RNA molecules are captured and most of the cells need to
be discarded at the processing steps. Cell loss of up to 70% from the starting material due

to several wash and ligation steps must be expected?. This limits the use of these methods

to studies with sufficient starting material. In contrast to unbiased RNA molecule capture
using random priming, ProBac-seq”° uses a probe-based approach. This avoids rRNA priming
and enhances specificity, but the need to design and synthesize a specific probe set for each
bacterial strain to be analyzed makes this method less suitable for profiling complex bacterial
communities.

Insummary, when designing single-bacteria experiments, it isimportant to consider aspects
such as available starting material, the required cell throughput and the desired resolutionin
terms of genes detected per cell, but also the investment in equipment. In contrast to methods
aiming for high-throughput such as microSPLiT", M3-seq'®, BacDrop" and smRandom-seq”, the
MATQ-seq protocol described here offers high cell retention, versatility and adaptability without
the need for custom equipment.

Experimental design
Here we describe an accessible end-to-end protocol for bacterial MATQ-seq (Fig. 1a), which
involves the following steps:
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Bacteria preparation (see ‘Reagent setup—culturing of bacteria’)

Bacteria canbe isolated from tissues, biofilms or from cell cultures. It is recommended to add
RNAlater before the cells are processed and transferred to the FACS to stop any transcriptomic
changes.

FACS sorting (Steps 1-8)

Sorting of individual bacteriais challenging because of the necessity of reliably distinguishing
micron-sized organisms from debris and dust. To sort the bacteria of interest, fluorescently
labeled bacteria can be used to set the sorting gate (Fig. 2a-c). To achieve accurate sorting,
FACS settings must be finely tuned to high sensitivity by setting high voltages for forward
scatter (FSC) and side scatter (SSC) and by reducing the FSC threshold to 500-1,000.
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Fig.2|Single-cellisolation by FACS. a, lllustrative FACS plots demonstrating for E. colicompared to S. enterica, whereas adjustments were necessary for
the gating strategy for S. enterica using a constitutively GFP-expressing SL1344 P.aeruginosato account for variations in size and granularity. d, Assessment of
strain (P,::gfp integrated into the put locus in the chromosome)?. The sorting the sorting efficiency for individual bacteriais conducted on LB agar moulded in
gate P1shown on the FSC and SSC is set based on events with high emission in a384-well format. In addition to 100,10 and 2 cells sorted on the left, 285 single
the FITC-A channel, highlighted in red on the count plot. The setup of the GFP-fluorescent and nonfluorescent Salmonella were sorted systematically inan
gating strategy can be conducted with any preferred fluorophore. Partially alternating pattern. Sorting precision was determined by quantifying the amount
reprinted with permission from Homberger et al.*° b,c, Examples of the gating of colony mismatches detected under bright-field (red circles) and fluorescent
strategy for E. coli (b) and P. aeruginosa (c). No changes in gating were required (orange squares) imaging. Partially reprinted from Imdahl et al.’, Springer Nature.
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To validate our gating strategy and assess the reliability of the FACS, we conducted
systematic sorting of 285 individual bacteria from a mixed culture of GFP-positive and wild-type
(WT) bacteria onto an agarose plate in an alternating manner. The results show that 271 of the
sorted cells grew single colonies and that there were 7 inversions between GFP and WT (Fig. 2d).
This demonstrates a high sorting precision of 97.4%, confirming the effectiveness of our
approach. We recommend performing similar tests for each new organism and gating strategy
to ensure optimal accuracy and reliability in bacterial sorting.

Interms of sample input, there is no specific lower limit that is required for sorting. We
have successfully used aninput of only 100 bacteria and recovered ~60% after FACS. For higher
sample inputin the range 0f100,000 cells, the recovery rate is even higher (73%). Thus, cell
isolation by FACS is well suited for low input material and does not have a majorimpact on cell
loss. However, low cell densities will resultin anincrease in total sorting time ranging from
minutes to several hours, depending on cell density and the number of sorted cells. This needs
to be takeninto consideration when planning the experiment.

Lysis (see ‘Reagent setup—lysis buffer’)
Lysis of the bacterial cell envelope is essential for a successful experiment. This requires an
efficientlysis buffer that is compatible with the downstream MATQ-seq workflow, that s, the
buffer components even when diluted should not interfere with or inhibit the reverse transcription
and amplification steps. The basis of the lysis buffer that we used is a formulated single-cell lysis
buffer (Takara) supplemented with RNase inhibitor and PBS. For S. enterica, the addition of Ready
lyse lysozyme was sufficient to achieve high lysis efficiency, determined by successful cDNA
generation. In contrast to S. enterica, efficient lysis of P. aeruginosa required the addition of
0.5mM EDTA and 10 mM DTT to the lysis buffer and an additional sonication step of 10 s (ref. 7).
Ingeneral, for Gram-negative species, it is advisable to vary the concentration of lysozyme
and other chelating agents in addition to EDTA. However, alysozyme concentration above 20 U
has shown an adverse effect on the subsequent reverse transcription (C.H. and F.I., unpublished
observation). For Gram-positive species, lysis is more challenging due to the need to disrupt
the additional layers of peptidoglycan. Here, the use of freeze-thaw cycles after sorting
has been shown to be effective for bulk lysis instead of sonication”. Another consideration
is the replacement of lysozyme with other lysis enzymes, such as lysostaphin, or labiase or
combining these enzymes with lysozyme. Since the lysis procedure varies between bacterial
species, specific adaptations will be required for the species of choice. Two different lysis
buffer formulations are listed in Table 1.

Table 1] Lysis buffer formulations: can be complemented by mechanical rupture via
sonication or freeze and thaw

Lysis buffer formulations Reagent Final concentration Volume in plfor one reaction

Standard 10x lysis buffer 0.26
Recombinant RNase Inhibitor (RRI) 0.03
PBS (10x) x 0.26
Lysozyme 50 U/pl 5U 01
Nuclease-free water 1.95
Total 26

Modified with EDTA 10x lysis buffer 1x 0.26
Recombinant RNase Inhibitor 0.03
PBS (10%) x 0.26
Lysozyme 50 U/pl 5U 01
DTT1M 100 mM 0.26
EDTA 50 mM 0.5mM 0.026
Nuclease-free water 1.664
Total 2.6
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Reverse transcription, cDNA processing, amplification and QC (Steps 15-43)

Reverse transcription is one of the most critical steps in the protocol, as the efficiency of this
reaction determines which transcripts are converted into cDNA for subsequent sequencing

and analysis. To reduce amplification bias, we use MALBAC primers, which enable quasilinear
amplification. Another crucial factor is the choice of reverse transcriptase (RT). During the
optimization of this protocol, SuperScript IV has shown the best performance among the tested
enzymes®,

Further processing after reverse transcription includes the enzymatic digestion of primers
and residual RNA by T4 DNA Polymerase and RNase H, respectively. For these reactions, very
small volumes of viscous enzymes (100-200 nl) are added, requiring careful and slow pipetting.
Inefficient digestion can negatively impact downstream processing.

After digestion, a poly(C) tailing step is performed, followed by second-strand synthesis
and amplification of the cDNA product. Itisimportant to note that QC can only be performed
after PCR amplification, as the concentrations before this step are too low to be detected by
Qubit or Bioanalyzer. To reduce costs per reaction, only a quarter of the product from the
second-strand synthesis is used for the final amplification step in the MATQ-seq protocol. If PCR
amplification does not work properly, the backup samples stored after single-strand synthesis
canbe used as input material to repeat the PCR.

Library preparation and sequencing (Steps 44-76)

Library preparation is based on the lllumina Nextera XT kit, which includes all necessary
enzymes and buffers. Additionally, atailored rRNA depletion step has been integrated, whichiis
explained in more detail below andin Box 1.

For thelibrary preparation, Unique Dual Index (UDI) primers distributed by Illumina are
used. These are ready-to-use and provided in a 96-well plate format. Thus, it is recommended
to perform theinitial steps of library preparation, including optional pooling, in a 96-well plate.
The sequences of the UDI primers required for demultiplexing are provided by lllumina. Ready
pools are loaded and sequenced on an lllumina sequencing platform tailored to the number
of samples.

Data processing and RNA quantification (Steps 77-91)

Following sequencing, reads must be quantified for further computational analysis. In
principle, quantification of MATQ-seq is similar to quantifying any other RNA-seq experiment:
adapter and primer sequences must be removed, reads mapped to the genomic sequence and
then quantified by counting reads mapped to each genomic feature of interest (for example,
mRNAs, small RNAs). However, special consideration should be given to QC given the low
input RNA concentrations and complex structure of the resulting reads (Fig. 1b). We provide
aprotocol that includes multiple rounds of QC using FastQC and MultiQC** and adapter/
primer sequence trimming using BBDuk, followed by read mapping using Bowtie2 (ref. 23)
and quantification with featureCounts?. This produces a count matrix appropriate for further
analysis using any of a variety of sScRNA-seq analysis tools. We also provide code to produce an
initial principal component analysis (PCA) plot based on the read counts, which can serve as
botha QC measure to, for example, identify outliers, as well as a first step in the biological
interpretation of the results.

Experimental setup and controls

Before FACS sorting, 96-well plates should be prepared with lysis buffer and stored onice.
Ifapplying the protocol to anew species, it is recommended to initially assess the lysis buffer
formulations and potential mechanical rupture by sorting several test plates using cultured
bacteria (Table1). Eight to sixteen wells can be used to test the lysis conditions. Pools of 100,
50 and 10 cells are systematically sorted down to the individual cell. For final plate sorting, it is
highly recommended to include both positive and negative controls, that is, wells containing
only lysis buffer and at least one well containing 50 pg of total RNA isolated from the bacterial
species of interest, respectively. Arandom plate design can help to reduce bias in the final
dataanalysis. Therefore, it isimportant to place negative and positive controls at different

Nature Protocols


http://www.nature.com/NatProtocol

Protocol

BOX1

Synthesis of guide RNA pool

O TIMING 1.5d
The sgRNA pool is used for the DASH/library preparation protocol in Step 58

The synthesis of the sgRNA pool is excluded from the overall experimental
timeline, as this step is a one-time process. The sgRNA pool can be used
for multiple experiments

Dilute DASH oligo pool and fill-in-reaction oligonucleotide in
nuclease-free water each to a final concentration of 10 pM.

To make the mastermix for PCR, mix 25 ul of KAPA HiFi Hot Start
Ready Mix with 5 pl of oligo pool from the previous step, 10 ul of
fill-in-reaction oligonucleotides from the previous step and 10 pl
nuclease-free water in a PCR tube.

Include a negative control for PCR by omitting the fill-in-reaction
oligonucleotide and adjusting the reaction volume to 50 pl with
nuclease-free water.

A CRITICAL STEP To enhance the yield of the sgRNA pool for

use in subsequent experiments, conduct multiple fill-in reactions
simultaneously. This depends on the desired throughput and usage
and is highly user-dependent. We recommend performing two to
eight reactions in parallel. This is still easy to handle with minimal
additional hands-on time compared to only one fill-in reaction.

Mix well by pipetting and briefly spin down.

Incubate PCR reactions in a thermal cycler using the following fill-in-

reaction program:

Cyclenumber Preincubation Annealing Filling Hold

1 95 °C, 3 min

2 60°C,30s

3 72°C, Tmin

4 10°C,

To perform a column purification using Zymo Oligo Clean

& Concentrator kit, optionally pool up to two PCR reactions for
the cleanup.

A CRITICAL STEP The Zymo Oligo Clean & Concentrator kit can
be used for double-stranded DNA as well as RNA according to the
manufacturer’s recommendations and is not restricted to single-
stranded DNA.

Insert the column into a collection tube and add PCR reaction to
the column.

Centrifuge for 30 s at 10,000g and discard the flow through.
Add 750 pl of DNA wash buffer to the column and centrifuge for
30 s at10,000g. Discard the flow through.

Centrifuge for another 1 min at max speed to get rid of the residual
buffer.

Transfer the column to a microcentrifuge tube and add 15 pl
nuclease-free water.

Centrifuge for 1 min at 13,0009 to elute DNA.

A CRITICALSTEP The DNA pool should suffice for multiple in vitro
transcription (IVT) reactions and can be stored long-term. For our
experiments the DNA was sufficient for at least 2 and a maximum

of 5 reactions.

B PAUSE POINT Store DNA at -20 °C for up to 1 year or proceed
with QC.

QC: perform the Qubit dsDNA HS assay of PCR products to
determine concentration and check size by using the Bioanalyzer
DNA 1000 kit by following manufacturer’s instructions. The main
peak should be in the range of ~145 bp.

4 TROUBLESHOOTING

For the IVT using the MEGAshortscript kit, prepare a premix of

2 ul T7 10x reaction buffer, 8 ul NTPs (mix 2 ul each of the rNTPs
provided in the kit) and 2 ul T7 enzyme mix per reaction.

Add a total of 300 ng DNA from the fill-in reaction to the premix
and adjust the reaction volume to 20 ul with nuclease-free water.
Mix well by pipetting and briefly spin down.

Incubate IVT reaction at 37 °C for 4 h, then hold at 4 °C and procced
to the next step.

Remove the DNA template by adding 1 ul of TURBO DNase included
in the MEGAshortscript kit and incubate at 37 °C for 30 min, then
hold at 4 °C and proceed to the next step.

To perform RNA clean up using the Monarch Spin RNA Cleanup kit,
insert the columns into a collection tube and transfer the IVT product
onto the column.

Centrifuge for 1 min at 10,000g and discard the flow through.

Add 500 pl RNA cleanup wash buffer to the column and centrifuge
for 1 min at 10,000g before discarding the flow through.
Centrifuge for another 1 min at max. speed to get rid of the
residual buffer.

Transfer the column to a microcentrifuge tube and add 50 pl
nuclease-free water. Incubate columns for 5 min at room temperature.
Centrifuge for 1 min at 13,0009 to elute RNA.

QC: Perform Qubit dsRNA HS Assay of sgRNA pool to determine
concentration and check size by using Bioanalyzer RNA Pico

kit following the manufacturer’s instructions. The main peak is
expected at 155-160 bp (Fig. 4).

4 TROUBLESHOOTING

Put tubes on ice, prepare aliquots. Store the sgRNA pool
immediately at -80 °C.

B PAUSE POINT When stored in the correct conditions, sgRNAs can
be kept at -80 °C for a maximum of 1 year.

A CRITICALSTEP ltis advisable to combine sgRNA pools from
multiple reactions post-QC. Aliquoting and storing them afterwards
as described above ensures consistency in quality and concentration
for all subsequent DASH reactions.
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positions in the 96-well plate and to include both controls in every plate. If contaminations are
observed, replicates of controls per plate are recommended. After FACS sorting, plates must
beimmediately sealed with proper microseals (Microseal ‘F’) that withstand low temperature
(-80°C).Sorted plates can be stored for several months at =80 °C.

Ingeneral, negative and positive controls should be included as early as possible, from
FACS sorting into lysis buffer to processing and cDNA preparation. During library preparation,
anegative control without cDNA should be included to ensure sterility and to rule out potential
cross-contaminations. For sequencing, libraries of 10 or 100 cells can serve as controls and
areused for QC. Asample poolis spiked with 1% PhiX control library. For sgRNA synthesis it is
recommended to include a negative control without DASH fill-in reaction primer to eliminate
potential DNA contaminations.

Protocol automation and avoiding contamination

The MATQ-seq protocol can be performed either manually or in an automated fashion using a
liquid handling robot (for example, .DOT, Dispendix). The use of aliquid handler not only saves
time and increases throughput, but also reduces pipetting biases. Here, we have used the .LDOT
becauseitis anon-contactliquid handler, which eliminates sample loss and allows dispensing
volumesinthe nanoliter range. If the protocol is performed manually, only standard laboratory
equipment is required with the exception of a FACS sorter. It is strongly recommended to use
aPCRworkstation for all steps before PCR amplification. Sample processing does not require
specialized skills, but care must be taken to avoid contamination. All surfaces, including
pipettes, should be cleaned with RNaseZap and 70% ethanol before each experiment. In addition,
dedicated PCR cyclers for the pre- and postamplification steps should be used and all pipetting
steps need to be carried out with filter tips. All reagents are aliquoted in PCR-grade tubes to
minimize the risk of contamination.

rRNA depletion (Steps 58-71and Box 1)

rRNA depletion is not mandatory but greatly reduces the cost of sequencing and enables

more efficient sample processing. We have integrated rRNA depletion via DASH*'® into the
MATQ-seq workflow®, removing noninformative rRNA molecules at the level of cDNA. DASH
relies on Cas9-mediated cleavage guided by a pool of sgRNAs. The sgRNAs are designed to bind
to complementary rRNA regions adjacent to a protospacer adjacent motif (PAM) ‘NGG’, which
isrequired for Cas9 activity. Cas9 then forms a complex with the sgRNAs and produces double-
strand breaks at their target regions. In this manner, DASH allows the selective removal of rRNA
with high sequence specificity and is directly integrated into library preparation using the
Nextera XT kit. The synthesis of the sgRNA poolintended for the DASH reactionis outlined in
Box 1.Itis performed independently of the actual scRNA-seq experiment.

By using DASH, we achieved areduction of rRNA reads to an average of 75% of total reads®.
RNase H has also been successfully used for rRNA depletionin bacterial scRNA-seq pipelines.
M3-seq and BacDrop use an RNase H-mediated depletion protocol applied either to amplified
libraries or directly after cell permeabilization'®"’. Both RNase H-based methods allow a
reduction of rRNA reads to 35-40% of total reads. The incorporation of rRNA depletioninto
the bacterial scCRNA-seq pipeline is a considerable improvement over previously developed
protocols™*®,

Materials

Biological materials
« S.enterica Typhimurium strain SL1344 (DSMZ Collection of Microorganisms and Cell
Culture, DSM 24522)
 P.aeruginosastrain PAO1 (DSMZ Collection of Microorganisms and Cell Culture,
DSM19880)
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Reagents

 10xLysis buffer (Takara, cat.no. 635013)

A CRITICAL (proprietary composition suitable for single-cell lysis)

» AMPure XP beads (Beckman Coulter, cat.no. A63881)

» Cas9 Nuclease (NEB, cat.no. MO386M)

« dCTP (Invitrogen, cat.no.10217016)

 Deep Vent (exo-) DNA Polymerase (NEB, cat. no. MO259L)

A CRITICAL (nosuitablealternative)

« DNA100OKit (Agilent Technologies, cat. no. 5067-1504)

« DNAPolymerase I (NEB, cat. no. M0209S)

» dNTPs (Thermo Fisher Scientific, cat. no. R0182)

< DTT (Invitrogen, cat. no. D1532)

« EDTA (Thermo Fisher Scientific, cat. no.15575020)

A cAUTION Harmfulifinhaled and can cause severe skin burns and eye damage.
Wear protective gloves and eye protection.

 High Sensitivity DNA kit (Agilent Technologies, cat. no.5067-4626)

« Illumina DNA/RNA UDI sets A-D, Tagmentation (v3) (Illumina, cat. nos. 20091654,
20091656,20091658,20091660)—formerly called IDT for lllumina DNA/RNA UDI sets A-D,
Tagmentation (v2) (Illumina, cat. nos.20027213,20027214,20042666,20042667)
A CRITICAL (guarantees high quality and compatibility with library preparation kit)

- KAPA HiFiHotStart ReadyMix (Roche, cat.no. 07958927001)

« MEGA Shortscript T7 Transcription kit (Invitrogen, cat. no. AM1354)

» Monarch Spin RNA Cleanup kit (500ug) (NEB, cat. no. T2050S)

« Nextera XT DNA Library Preparation kit (Illumina, cat. no. FC-131-1096)

A CRITICAL (noalternative available)

« NSQ500/2000; NovaSeq Sequencingkits (Illumina, various)

» Nuclease-free water (Ambion, cat. no. AM9937)

 Oligo Clean and Concentrator kit (Zymo Research, cat. no. D4060)

« PhiX Control Library (Illumina, FC-110-3001 or -3002)

* PMSF (CarlRoth, cat.no. 6367.1)

A CAUTION Toxicif swallowed and causes severe skin burns and eye damage.
Wear protective gloves, protective clothing and eye protection.

» Proteinase K (NEB, cat.no. P8107S)

A CAUTION May cause allergic skin reaction and breathing difficultiesifinhaled.
Wear protective gloves and eye protection.

* Qubit1x dsDNA High Sensitivity (Invitrogen, cat. no. Q33231)

« Qubit RNA High Sensitivity (Invitrogen, cat. no. Q32855)

- Ready lyselysozyme solution (Epicentre, cat. no. R1804M)

A CRITICAL (nosuitable alternative)

- Recombinant RNase Inhibitor (Takara, cat. no.2313A)

« RNA 6000 Nano Kit (Agilent Technologies, cat. no. 5067-1511)

- RNA 6000 PicoKit (Agilent Technologies, cat.no.5067-1513)

- RNAlater/RNAprotect Tissue Reagent (Qiagen, cat. no. 76104)

» RNaseH (NEB, cat.no. M0297L)

» RNaself (NEB, cat.no.M0243S)

» RNaseZap RNase decontamination solution (Invitrogen, cat. no. AM9780)

 SuperScript IV (Invitrogen, cat. no.18090050)

A CRITICAL (exhibited best performance in comparative experiments®)

« T4 DNAPolymerase (NEB, cat.no. M0203S)

» Terminal Transferase (NEB, cat. no. M0315S)

Primers and oligonucleotides

A CRITICAL Alloligonucleotides are resuspended in nuclease-free water at aconcentration
of 100 pM. Itis recommended to use oligonucleotides from IDT (desalted quality or higher)
because oligonucleotides from other suppliers have been observed to impact yield adversely.
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« Forward primer for DASH amplification: 5-AATGATACGGCGACCACCGAGAT-3’ (Illumina)

« Reverse primer for DASH amplification: 5-CAAGCAGAAGACGGCATACGA-3’ (Illumina)

* GAT27dt:5-GTGAGTGATGGTTGAGGATGTGTGGAGNNNNNTTTTTTTTTTTTTTTTTTT-3' (ref. 6)
* GAT275N3G:5-GTGAGTGATGGTTGAGGATGTGTGGAGNNNNNGGG-3' (ref. 6)

* GAT275N3T:5-GTGAGTGATGGTTGAGGATGTGTGGAGNNNNNTTT-3' (ref. 6)

* GAT216N3G:5-GATGGTTGAGGATGTGTGGAGNNNNNNGGG-3’ (ref. 6)

» GAT27PCR:5-GTGAGTGATGGTTGAGGATGTGTGGAG-3' (ref. 6)

« DASH oligo pool, pool of 797 oligonucleotides (ref. 10)

« DASHfill-in-reaction 5-GGCATACTCTGCGACATCGT-3’ (ref. 10)

« Illumina DNA/RNA UDI sets A-D, Tagmentation

Reagent setup

Culturing of bacteria

Bacterial culture preparation for scRNA-seqis variable and depends on the experimental setup.
Thisincludes the organism of choice, the specific growth conditions and the desired timepoint
for collecting the sample. Therefore, culture preparation time can vary from2to 10 h or longer
(for example, for anaerobic species).

A CRITICAL Thetime needed for bacterial culture preparation is animportant aspect to
consider when designing the experimental plan to align smoothly with single cell isolation by
FACS. For optimal sample processing it is recommended to start with the preparation of the lysis
buffer plates (Steps1and 2) ~-1-2 h before the bacterial cultures are ready to be processed.

Lysis buffer

The lysis buffer contains 0.26 pl of Takara 10x Lysis buffer, 0.03 pl Recombinant RNase Inhibitor,
0.1pllysozyme (50 U/pl), 0.26 pl 10x PBS and 1.95 pl nuclease-free water. Lysis buffer should always be
freshly prepared on the day of FACS sorting. Another lysis buffer formulation can be foundin Table 1.
Ifthe standard lysis buffer formulation is not effective for the organism of choice, the addition of
EDTA and DTT can further enhance the lysis by chelating metal ions and reducing disulfides. The
modified lysis buffer combined with sonication has shown high efficiency for P. aeruginosa’.

RT mix

Prepare the RT-primer mix containing 0.006 pl GAT27 dt, 0.02 ul GAT27 5N3G, 0.02 pul 5N3T and
0.354 pl nuclease-free H,0. It is advisable to prepare a mix for at least 20 reactions for ease of
pipetting. The primer mix should always be freshly prepared.

dNTP mix
Prepare adNTP mix by adding the individual ANTPs supplied in an equimolar ratio to a final
concentration of 10 mM for each dNTP. The dNTP mix can be stored at —20 °C for up to 1 year.

RNA digestion mix

For manual pipetting, itis advisable to prepare an RNA digestion mix containing an equal
volume of RNase H and RNase If (0.1 pl each per reaction) in a larger volume (for example, 10 pl
each, sufficient for 96 reactions). It can be stored at =20 °C for up to 1 month. This simplifies
pipetting of small amounts of the viscous enzyme mix.

A CRITICAL This mix canbe omitted when using the .DOT.

Equipment
« 48-well PCR plates, PCR plate no-skirt (Brand, cat. no. BR781415)
A CRITICAL Whenusing 48-well plates, itis advisable to skip the outer columns due to
imperfect sealing in those areas that may lead to increased evaporation. Use Microseal ‘F’
for stepsincluding freezing and Microseal ‘B’ for all other steps.
« 96-well PCR plates PCR plate non-skirted (Brand, cat. no. 781368)
 Bioanalyzer 2100 Bioanalyzer (Agilent)
» FACS Arialll (BD Biosciences)
1.DOT liquid handler (Dispendix, only for automated workflow)
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1.DOT well plates, Pure Plate 100 (Dispendix, only if using 1.DOT liquid handler,
cat.no. D16110021801)
 1.DOT well plates, Pure Plate 200 (Dispendix, only if using .DOT liquid handler,

cat.no. D16110021807)
» Microseal ‘B’ (Bio-Rad, cat.no. MSB-1001)
» Microseal ‘F’ (Bio-Rad, cat. no. MSF-1001)
 Qubit flex (Invitrogen, cat. no. Q33327)
« Qubitassay cap stripes MicroAmp optical 8-tube cap (Life Technologies, cat. no. 4323032)
« Qubitassay stripes MicroAmp optical 8-tube strip (Life Technologies, cat. no. 4316567)
« Sequencer NextSeq 500, NextSeq 2000, NovaSeq 6000 (Illumina)
 Vortex Bioanalyzer MS 3 (IKA)
 Local computer or acomputing cluster for bioinformatic analysis
A CRITICAL Bioinformatic analysis can be performed on either alocal computer ora
computing cluster. The main differenceslie in the hardware and job scheduling software
used by clusters to effectively distribute multiple computational tasks. To reduce task
executiontime, one canincrease the number of CPU cores available for certain processes.
CPU cores are responsible for executing instructions and each core may be capable of
handling multiple threads concurrently, generally two per core on current consumer
hardware. The amount of RAM and the number of threads or cores to use depends on the
available system resources. For instance, a typical laptop may have 4-8 cores and 8-16 GB
RAM, while a cluster server might have more than 24 cores and over 16 GB RAM.

Equipment Setup

1.DOT liquid handler

The dispensing robot requires the setup of individual liquid classes for different reagents. The
glycerol 50% liquid class is used for the following reagents: proteinase K, Cas9 nuclease, Deep

Vent (exo-) DNA Polymerase, RNase H, RNase If, Recombinant RNase Inhibitor, SuperScript 1V,
T4 DNA Polymerase, Terminal Transferase.

Individual liquid classes with different pressure settings due to varying viscosity properties were
necessary for the following reagents: Cas9 buffer, Thermopol buffer, Terminal Transferase buffer.
These additional liquid classes were set up according to the manufacturer’s instruction manual.

Allremaining liquids were dispensed using the pre-installed water liquid class.

A CRITICAL Ifusing the .DOT dispensing robot, its source well plates can be effectively reused
up to five times. Between MATQ-seq runs. plates must be stored at —20 °C. However, after five
cycles, itisrecommended to exchange all used wells of the .DOT plates to ensure optimal
performance and reliability. For streamlined handling of .DOT plates and reagents, it is advisable
to dedicate asingle .DOT plate for each pipetting step.

FACS setup

Therecommended nozzle size for bacterial cell isolationis 70 pm. The sorting device should also
be equipped withanintegrated sample cooling system that allows temperature control of 4 °C
throughout processing. Note that FSC and SSC voltages must be set high to detect bacteria. With
our setup, we used a voltage of 566 for the FSC and 374 for the SSC. For the discrimination of bacteria
versus debris or dust, it is recommended to use fluorescently labeled bacteria for gating (Fig. 2a—c).
Itisalso advisable to use a coupled threshold of 500 for FSC and SSC. Itis very important to dilute
the FACS sampleinitially stored in RNAlater in1x PBS and not in RNAlater right before sorting.

A CRITICAL To achieve aneventrate of1,000-1,500 events per second, astandard dilution of
1:20 (for example, 50 pl culture in 950 pl 1x PBS) was used for cells collected at an OD of 0.3-0.5
and further adjusted as required.

Thermal cyclers
Allthermal cycler programs were carried out with alid temperature of 105 °C.

Centrifugation
All centrifugation steps were carried out at room temperature (20-25°C).
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Procedure

A CRITICAL This procedure is optimized for automation using .DOT and lists the respective
volumes of reagents required for each reaction. Any other type of liquid handling equipment
or manual pipetting can be used as well. If pipetting is performed manually, a master mix for
theindividual steps should be prepared in advance for the target number of wells +10% access
volume.

A CRITICAL Single-cell sequencing requires cleanliness and extra care throughout the entire
experimental process. The use of filter tips and gloves to minimize the risk of contamination
isnecessary. Surfaces should be cleaned before and after work using ethanol and RNase zap.
Ideally, aPCR hood should be used to prevent contamination. Adhering to these guidelines is
essential for obtaining accurate and reliable results for bacterial ScCRNA-seq.

Cell preparation for FACS analysis and single-cell isolation (day 1)

@ TIMING 4-6 h (culture preparation is not included)

1. Prepare a48-or96-well plate with 2.6 pl of lysis buffer per well using a pipette or aliquid
handling robot.

2. Sealplates with a Microseal ‘B’ (Bio-Rad) and quickly spin them down for 5sina plate
centrifuge to make sure that there are no bubbles. Do not forget to add wells for a positive

and a negative control (wells prefilled with lysis buffer that will not receive a cell (in Step 7)).

Lysis buffer plates can be stored onice until they are used.

A CRITICALSTEP Efficient cell lysisis critical for the success of the MATQ-seq protocol.
The best lysis strategy might be species dependent and requires optimization

(see ‘Experimental design’).

3. Takelmlofyourbacterial culture (see ‘Reagent setup’) and centrifuge it for 4 min at room
temperature at17,000g. Discard the supernatant and resuspend the bacterial pelletin 1ml
1x PBS.

4. Repeatthe centrifugation and resuspend againin1ml1x PBS.

Repeat the centrifugation and resuspend in 1 ml RNAlater-PBS mix (1:1vol/vol).

6. Storesamplesonice until FACS sorting.

A CRITICAL STEP Washingin1x PBS canlead to alterationsin the transcriptome, and
recently published data show that bacterial mMRNA has amuch shorter half-life than
previously thought?. To overcome this, direct resuspension and washing in RNAlater is an
alternative. For low input samples, washing steps (Steps 3 and 4) with 1x PBS or RNAlater
canbe omitted, allowing direct resuspension in RNAlater or even direct sorting froma
planktonic culture to avoid sample loss. However, working with very low input scales
(<103 cells) may increase the overall sorting time. It is important to note that storing
samples onice may affect the transcriptome and alter the distribution of subpopulations.
To account for this, the FACS instrument can be pre-set to allow immediate sorting after
sample resuspension.

7. FACSsortyour cellsusingaBD Ariallland the 70 pm nozzle. It is recommended to include
negative and positive controls on each plate (in Step 12). In the BD FACSDiva software, set
the sorting precision to ‘single cell’. Dilute your sample in 1x PBS to achieve areasonable
eventrate (1,000-1,500 events/s). For sorting, the well plate prepared with lysis bufferin
Step 2is unsealed and placed in the plate holder of the FACS. To assess the accuracy of your
sorting, you can sort single cells on a freshly prepared agarose dish, incubate it overnight
and judge the precision of your bacterial sorting procedure (Fig. 2d).

A CRITICALSTEP Thissample preparation protocol using RNAlater as preservation
reagent for FACS samples has previously been successfully evaluated for RNA-seq®. It is
very important to dilute the FACS sample initially stored in RNAlater in 1x PBS and not
inRNAlater right before sorting. A high concentration of RNAlater will interfere with

the fluorescence signals used in FACS and may cause clogging or malfunction due to its
viscosity. RNAlater is only used as preservation reagent after cell collecting and before the
actual sorting procedure.

w
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8. Immediately after sorting, seal the plate (Microseal ‘F’) and spin it down to make sure all
droplets find their way to the lysis buffer. Keep plates onice and freeze them at —80 °C.
A CRITICALSTEP Some bacteria, especially those that are already difficult to lyse in bulk
approaches (for example, Gram-positive bacteria) might require additional mechanical
lysis. Plates can be sonicated in asonication bath for 10 s (ref. 7) or be suspended in liquid
nitrogen for freeze and thaw cycles. A combination of both is also possible and has proven
to be very effective. After treatment, keep plates onice and freeze them at —80 °C.
M PAUSE POINT Sorted bacteriain plates can be kept at =80 °C for several months.

MATQ-seq protocol automated with 1.DOT (day 2)

® TIMING total 8-10 h (without sample purification. TIMING depends on the number of samples and if
the protocol is carried out automated or by manual pipetting; the use of a dispensing robot drastically
reduces the required hands-on time from ~6 h to 3 h and increases sample throughput. For manual
pipetting it is not recommended to process more than 24 samples at once; the automated protocol
can handle 96 samples or even 384 at once.)

A CRITICAL Itisofhighimportance to promptly transfer and store samples onice once the PCR
programis completed, and to perform all pipetting steps on a cooling block unless otherwise
specified inthe protocol. Extremely clean work is a requirement for the success of the protocol.
Neglecting a high standard of cleanliness can compromise sample integrity, emphasizing the
critical need forimmediate and proper sample handling. Bear in mind that the individual wells
contain afemtogram amount of RNA that is lost at the slightest contamination.

Reaction preparation

® TIMING 45 min to1hincluding incubation times

9. Takesorted plates out of the —80 °C and let them thaw.
A CRITICALSTEP Allfollowing steps until the PCR cleanup should be performed onaclean
PCR workbench.

10. Preheat the thermal cyclerto72°C.

11. Mix 0.4 pl of the RT-primer mix with 0.05 pul DTT and 0.12 pl ANTP mix to create the pre-RT mix.

12. Add0.5plof 100 pg/pl total RNA of the desired organism as a positive controlinto the
intended well. Add 0.5 pl of nuclease-free water into the intended well for the negative control.

13. Usetheliquid handling robot to dispense 570 nl of the pre-RT mix into each well. Seal your
plateand spinitdown.

14. Incubate the plate in the thermal cycler for 3 minat 72 °C. Place your plate onice for at least
1minbefore dispensing the RT reagents.

Reverse transcription

® TIMING 2-2 h 15 min, including PCR program

15. Distribute 0.8 pul SSIV buffer, 0.15 pl SSIV enzyme, 0.1 pl RNase Inhibitor, 0.2 pl DTT and
1.15 pl nuclease-free water to each well, using the liquid handling robot.
A CRITICALSTEP Ifusing the.DOT, keep the source wells containing enzymes at 20 °C
until usage.

16. Seal plate and spinit down.

17. Placethe plateinthe thermal cycler and start the following RT program:

Cycle number Primer annealing Elongation Looping Hold
1-13 8°C,12s

15°C, 45s

20°C,45s

30°C,30s

42 °C, 2 min
50 °C, 3 min

14 50 °C, 3 min
15 4°C,
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Primer and RNA digestion

® TIMING 3-3.30 hincluding PCR programs

18. Remove plate from cycler at 50 °C and add 0.2 pl of T4 DNA polymerase at room
temperature using the liquid handling robot. Alternatively, if the cycler has already
cooled downto 4 °C, preheat the plate to 50 °C for 1 min before adding 0.2 ul of T4 DNA
polymerase at room temperature.

19. Sealthe plateand spinitdown.

20. Placethe plateinthe thermal cycler and start the following primer digestion program:

Cycle number Incubation Inactivation Hold

1 37°C, 40 min

2 75°C, 20 min

3 37°C, 40 min

4 75°C, 20 min

5 4°C,

21. AddO0.1plRNase Hand 0.1l RNase If to each well using the liquid handling robot.
22. Placethe plateinthe thermal cycler and incubate for 15 min at 37 °Cand 15 minat 75 °C.
Then keep the temperature at4 °C.

Poly(C) tailing

@ TIMING 45 minto1hincluding PCR programs

23. Usingtheliquid handlingrobot, add 0.1 pl of TdT, 0.4 pul of TdT buffer and 0.4 pl of dCTP and
3.13 pl nuclease-free water to each well.

24. Sealthe plate and spinitdown.

25. Placethe plateinthe thermal cycler and incubate for 15 min at 37 °Cand 15min at 75°C. Then
keep the temperature at 4 °C.

Second-strand synthesis

® TIMING 30-45 minincluding PCR programs

26. Tosynthesize the second strand, dispense 0.125 pul ANTP (mix of 10 mM each), 0.125 pl
GAT21 6N3G primer and 12.925 pl nuclease-free water. Using the .DOT, switch to S200
1.DOT well plates to dispense 1.5 il Thermopol buffer. These wells have larger pores,
whichreduce foam formation during the dispensing process. Since the Thermopol buffer
contains a proprietary detergent component, using larger pores with the .DOT is highly
recommended.

27. Seal, spindown and incubate the plate for 1 min at 95 °C, then cool down to 48 °C.

28. Takethe plate out and immediately add 0.4 pl Deep Vent (exo-) DNA Polymerase at room
temperature.

29. Incubate using the following second-strand synthesis PCR program:

Cycle number Denaturation Annealing Elongation Hold

1 98°C

2 48 °C Add 0.4 ul Deep Vent (exo-)
3 48°C,20s 72 °C,1min

4 72°C,2min

5 4°C, o

M PAUSE POINT Store samples at —20 °C or directly continue with PCR amplification. Plates
canbe stored for several months at —20 °C.
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PCR amplification

® TIMING 2-2.5 hiincluding PCR programs

30. Transfer 6.55 pl of the cDNA obtained in the previous step to anew well plate and place on
ice. Theremaining cDNA is kept at —20 °C as abackup. It can be stored for at least 1 month.

31. ForPCR,add28.5plnuclease-free water, 0.75 ul ANTP (mix of 10 mM each), 0.75 pl Deep
Vent Polymerase, 0.2 1l GAT 27 PCR primer to the newly prepared plate containing 6.55 pl
cDNA from the previous step. Using the .DOT, switch to S200 1.DOT well plates to dispense
3.25ul Thermopol buffer.

32. Seal, spindown and incubate using the following MATQ-seq PCR amplification program:

Cycle number Denaturation Annealing Elongation Hold
1 95°C,30s
2-26 95°C,15s
62°C,20s
72 °C, 2 min
27 72°C, 5 min
28 4°C,

M PAUSE POINT Store samples at —20 °C or directly continue with cleanup. Samples should
not be stored for more than1week at —20 °C.

Purification (day 3)

® TIMING 1-2 h (highly depends on number of samples)

33. Store AMPure XP magnetic beads at room temperature for at least 30 min and vortex well
before usage.

34. Add 40 plofbeadsto each sample (1:1vol/vol ratio). Mix well by pipetting or gentle
vortexing.

35. Incubate samples for 10 min before transferring plate on magnetic stand. Wait for -2-3 min
until the beads are well separated.
A CRITICAL STEP Itisof highimportance to wait until all magnetic beads have settled and
the solutionis clear before proceeding to the next step!

36. Remove and discard supernatant carefully while the plate is still placed on the magnetic stand.

37. Keepthe plate onthe magnetic stand and wash beads twice with 200 pl of freshly prepared
80% (vol/vol) ethanol in water. Incubate for 30 s at room temperature in between and
remove and discard supernatant carefully.

A CRITICALSTEP Ensure complete removal of any residual ethanol; this is crucial for the
successful elution in the subsequent steps.

38. Drybeads for 5-10 min on amagnetic stand. Do not overdry the beads and continue as soon
asthebeads are matte in appearance.

A CRITICALSTEP Thedryingtime may vary depending on the room temperature and the
efficiency of the ventilation system.

39. Detach the plate from the magnetic stand and add 17 pl nuclease-free water. Pipette up
and down 10 times to ensure proper resuspension of beads. Incubate for 2 min at room
temperature.

40. Move the plate back on magnetic rack and wait for 2-3 min until the beads are well separated.

41. Transfer15 pl of eluate into anew well plate and discard the plate containing magnetic
beads.
B PAUSE POINT cDNA samples are either directly processed for QC or can be stored at
—-20°C for several months.

Quality control

A CRITICAL The quality and quantity of the generated cDNA is assessed using a Qubit flex
(quantity) and a Bioanalyzer (quality). Representative Bioanalyzer traces for S. Typhimurium
and P. aeruginosa can be found in Fig. 3.
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42.

43.

Measure the cDNA concentration of each sample by Qubit flex using the 1x dsDNA High
Sensitivity kit following the manufacturer’s instructions.

4 TROUBLESHOOTING

Dilute samples to a concentration of 1-2 ng/plin nuclease-free water and test samples
covering the available concentration spectrum on a High Sensitivity DNA Bioanalyzer chip
following the manufacturer’s instructions.

4 TROUBLESHOOTING

B PAUSE POINT c¢DNA samples canbe stored at-20 °C for up to several months.

Library preparation (day 4)

@ TIMING 1-2d (depends on number of samples and use of a pipetting/dispensing robot)
A CRITICAL Thelibrary preparation protocol relies on the Nextera XT kit (Illumina),
butincludes several modifications and the integration of the DASH protocol.

44.
45.

46.
47.
48.
49.

50.

51

52.

53.
54.

55.
56.
57.

Dilute all cDNA samples to 0.4 ng/plin nuclease-free water.

Thaw all reagents from the Nextera XT kit stored at —20 °C and keep them oniice.

Store Neutralize Tagment buffer at room temperature.

Thaw UDI plate(s) onice.

Mix 1.25 pl of diluted cDNA (0.4 ng/ul) with 2.5 ul Tagment DNA buffer.

Add1.25 pl Amplicon Tagment Mix and mix samples well by pipetting.

Spin down samples and incubate for 10 min at 55 °C. Cool down samples to 10 °C and
immediately add 1.25 pl Neutralize Tagment buffer.

Mix samples well by pipetting, spin down and incubate for 5 min at room temperature.
Vortex and spin down UDI plates.

Add 3.75 pl of Nextera PCR Master Mix and 2.5 pl of UDIs to each sample.

A CRITICALSTEP lItiscrucialto keep track of allused UDIs and the related samples for
subsequent data analysis.

Mix samples using a microplate shaker or by gentle vortexing, then spin them down.
Runthelibrary PCR program as follows:

Cycle number Denaturation Annealing Elongation Hold
1 72°C, 3 min
2 95°C,30s
3-15 95°C,10s 55°C,30s
72°C,30s
16 72°C, 5 min
17 10°C, »

Perform cleanup of libraries using 12.5 ul AMPure XP beads as described above (Steps 33-38).
Elute libraries with 13.1 pl nuclease-free water and transfer 11 pl of eluate into a new well plate.

Measure library concentrations of each sample by Qubit flex using the 1x dsDNA High
Sensitivity kit following the manufacturer’s instructions.
4 TROUBLESHOOTING

B PAUSE POINT Libraries canbe stored at -20 °C for at least 1 year or directly used for DASH.

Ribosomal depletion via DASH

58.
59.

Incubate the sgRNA pool (Box 1) for 3 min at 94 °C followed by 5min at 4 °C.

Mix 1.85 pl of 3.1 buffer (NEB, included in the Cas9 enzyme kit) with sgRNA and Cas9. The
provided ratio calculator will calculate the necessary volumes of sgRNA and Cas9 used for
the following DASH reaction (Supplementary Table 2). Add nuclease-free water to a total
volume of 10.5 pl.

A CRITICAL Theratio calculationrelies onthe input cDNA for Nexteraindex PCR. To adapt
theratio calculation for other library preparation protocols, it is necessary to adjust the
ratioinaccordance with the amount of cDNA enriched during PCR.

60. Incubate for 15 min at 37 °C to allow sgRNA-Cas9 complex formation.
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Fig.3|QC of MATQ-seq and library preparationincluding DASH. a, DNA High
Sensitivity Bioanalyzer profile of cDNA obtained after MATQ-seq. Each profile
represents the cDNA prepared from either asingle cell (sc), 10 sorted or 100
sorted cells. The positive control (PC) was performed with a spike-in of 50 pg of
total RNA. Characteristic bands are indicated with blue arrows. Adapted with
permission fromref. 8, ASM. b, Comparison of cDNA profiles from S. enterica and
P. aeruginosa, highlighting species-specific bands that are highly reproducible
among samples by blue (S. enterica) and red (P. aeruginosa) arrows. ¢, lllustrative
Bioanalyzer profiles with undesired outcomes in both the negative control (NC)
and sorted cell conditions. These profiles represent examples of nonspecific
amplification and suboptimal MATQ-seq efficiency. The last lane of both blots
shows an optimal outcome for comparison. d-f, Bioanalyzer profiles at each

step of the library preparation process are presented for five representative
single-cell libraries in each of the lanes 2-6. An exemplary electropherogram of
lane 2 is displayed below: the Bioanalyzer profiles after index PCR are identical

to those obtained from normal Nextera XT library preparation protocol with an
average library sizein the range of 400-500 bp (d); libraries after Cas-9 mediated
cleavage by DASH characteristically show a reduction of the main peak due to
cleavage of rRNA-derived cDNA and the appearance of an additional smaller peak
inthe range of 50-150 bp (e); and the reamplification of non-cleaved libraries and
the subsequent library purification leads to the elimination of the smaller peak
and therecovery of the Bioanalyzer patternasind (f). L, ladder. Partially adapted
with permission from ref. 30, Humana.

61. Add8ploflibrary or pooledlibraries (libraries can be normalized based on their

concentration and a maximum of 12 samples can be pooled within a single reaction). For
pooling, all samples are adjusted to the smallest measured library concentration using
nuclease-free water and pooled in same volumes (1 pl each for 8-12 samples, 2 pl each for
4-7 samples). Skip samples with alibrary concentration below 5 ng/ul for pooling.

62. Incubate for2hat37°Cto allow the DASH reaction to proceed.

63. Inactivate Cas9 by adding1pl proteinase Kimmediately after the DASH reaction.

64. Incubate for15minat37 °C.Immediately add 0.5 pl of 40 mM PMSF to inactivate proteinase K.

65. Perform cleanup of libraries using 12.5 ul AMPure XP beads, as described in Steps 33-38.

66. Elutelibraries with13.1 pl nuclease-free water and transfer 11 pl of eluate into anew well
plate.

67. Measure library concentrations of each sample by Qubit flex using the 1x dsDNA High
Sensitivity kit following the manufacturer’s instructions.

4 TROUBLESHOOTING
B PAUSE POINT Store cDNA at -20 °C until further use for up to several months.

68. Normalize libraries to 0.5 ng/plin nuclease-free water and use 6.25 pl each. Mix libraries
with 3.75 pl Nextera PCR Master Mix and add 1.25 pl of each DASH amplification primer
(forward and reverse) toreach areaction volume of 12.5 pl.

69. Mix samples using a microplate shaker or by gentle vortexing, then spin them down.

70. Runthe followinglibrary PCR program:

Cycle number Denaturation Annealing Elongation Hold

1 72°C,3min

2 95°C, 30s

3-15 95°C,10's 55°C,30's

72°C,30s

16 72°C, 5 min

17 10 °C, o
71. Repeat Steps 55 and 56.

B PAUSE POINT Store libraries at —20 °C until further use for at least one year.

Pooling, final QC and sequencing (day 5)
® TIMING 4-8 h (depends on the number of samples and usage of a pipetting/dispensing robot)

72.

73.

Determine library concentrations using a Qubit flex as described in Step 42.

4 TROUBLESHOOTING

Check average library sizes (in bp) on a High Sensitivity DNA Bioanalyzer chip following
the manufacturer’s instructions. Set the length range manually from170 t0 2,000 bp in the
Bioanalyzer Expert software. Representative Bioanalyzer traces for S. Typhimurium and

P. aeruginosa canbe found in Fig. 3.

4 TROUBLESHOOTING
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74. Adjustlibraries to afinal concentration of 5nM using sequencing buffer (10 mM Tris-HCI,
pH 8, 0.1% (vol/vol) Tween-20) and pool in equimolar ratios. Determine molarities using the
following formula:

concentration (ng/pl) x 10°

concentration (nM) = o
avg.pTolysize (bp) x 660 g/mol

75. Perform QC of the final pool on a Qubit flex (measurement in triplicate is recommended)
and High Sensitivity DNA Bioanalyzer as described in Steps 42 and 43.
B PAUSE POINT Sequencing pool canbe stored at —20 °C until further use for at least 1 year.
A CRITICAL STEP Iflibraries or sequencing pools are stored at —20 °C for longer than
1month, we recommend requantifying previous results from the Qubit and Bioanalyzer
before proceeding with sequencing.

Sequencing

@ TIMING 24 h (depends on the sequencing platform)

76. Spike the sequencing pool with 1% PhiX control library and perform sequencing in
single-end mode with 100 cycles. Our recommendation is to use aminimum of 75 cycles,
as 50 cycles has been shown to have a negative impact on MATQ-seq data quality due to
lower coverage of the cDNA insert in the final library.

A CRITICALSTEP Theoptimal sequencing depth for a particular experiment varies based
onfactors such as the research question, number of samples and specific genes under
investigation. A previously described downsampling experiment’ can provide valuable
guidance for selecting a sequencing depth tailored to the individual experiment.

Data analysis

Demultiplexing

® TIMING 1 working day (30 min hands-on time). This highly depends on the sequencer output and

the hardware specifications.

77. Perform demultiplexing using the bcl2fastq2 Conversion Software from Illumina (v20.2)
generating a FASTQ sequencing file per sample.

Installing Ubuntu-based software

@ TIMING 1-2min

78. Usethe following command, inwhich curl isused to download files. parallel allows
multiple tasks to runin parallel.

$ sudo apt-get install curl parallel

A CRITICALSTEP The ‘apt-get’command is afront-end for the package manager used by Debian-
derived Linux distributions, such as Ubuntu. Similar package managers exist for most popular
UNIX operating systems, such as RPM for Fedora and Red Hat-derived Linux distribution

(for example, CentOS), or Homebrew for Mac OS X, but may require additional installation.

Install Bioconda and bioinformatics tools

® TIMING 5-10 min

79. Biocondais abioinformatics channel for the Conda package manager and provides an
interface for installing software”. Install Bioconda using the following command:

$ curl https://repo.anaconda.com/miniconda/Miniconda3-latest-Linux-x86_ 64.sh
-o miniconda.sh

$ bash miniconda.sh

#This refreshes the terminal startup items, so it doesn't have to be
reopened to start using bioconda

$ source ~/.bashrc
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A CRITICALSTEP Note: duringtheinstall, youwill be required to accept the licence terms,
accept the defaultinstall location and select Yes for Condainit.
80. Add the bioconda channels and install software as follows:

#Channels are where different software is stored

$ conda config --add channels defaults

$ conda config --add channels bioconda

$ conda config --add channels conda-forge

#Install required software using conda

$ conda install -c bioconda fastgc multigc bowtie2 subread bbmap
samtools

Download bacterial genome and annotation

@ TIMING 5 min

81. Download the genome and annotation files for the bacteria being analyzed. We are
using files downloaded from NCBI (https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_000210855.2/), using the GenBank annotation. The genome of Salmonella
Typhimurium SL1344 includes achromosome and three plasmids, which need to be
concatenated for downstream use. We have already prepared these concatenated genome
and annotation files, which can be downloaded using the following code:

#Make and change into the MATQSeq directory where all files will #be
saved

$ mkdir MATQSeq

$ cd MATQSeq

$ mkdir -p Genome annotation

#Download GFF

$ curl https://raw.githubusercontent.com/BarquistLab/MATQ-seq 2023/
main/Protocol/salmonella SL1344.fa -o Genome annotation/salmonella
s11344.fa

#Download GFF

$ curl https://raw.githubusercontent.com/BarquistLab/MATQ-seq 2023/
main/Protocol/salmonella SL1344.gff3 -o Genome annotation/salmonella
s11344 .gff3

Download sequence files

O TIMING 1-1.5h

82. Thesequencingreads from our updated protocol are stored in the European Nucleotide
Archive (ENA)” under the project accession PRJINA904727. From the ENA, access a tab-
separated (.tsv) report containing adownload link for each cell and the corresponding file
names from this link: https://www.ebi.ac.uk/ena/browser/view/PRJNA904727.

83. Thisfile hasalready been prepared and can be downloaded with the following line of code:

$ curl https://github.com/BarquistLab/MATQ-seq 2023 /blob/main/
Protocol/files.tsv -o filelist.tsv

84. Usethe following command to loop through each line of filelist.tsv, starting from the
second line (that s, ignoring the column headings). Column15is used to name the
downloaded file and column 12 contains the ftp download link.

$ mkdir sequenced reads
$ awk -F'\t' 'NR>1 {system("curl -o sequenced reads/" $15 ".fg.gz "
$12)}' filelist.tsv
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QC of sequenced reads

@ TIMING 30-45 min

85. FastQCcreatesareportforeach FASTQfile, generating a range of useful metrics for data
quality. These include sequence and base quality scores, GC content, overrepresented
sequences and adaptor content (more information can be found at https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/Help/). To use FastQC in combination with
parallel,allowingusto run multiple instances of FastQC at the same time to efficiently
process all sequence files. Here we are using 8 threads (-j)—this can be increased depending
onthe computational resources available. Use the following command to perform the QC:

$ mkdir -p fastqgc
$ ls sequenced reads/*.fqg.gz | parallel -j 8 'fastgc {} -o fastqgc'

Read trimming, removal of adaptors and primers

O TIMING 1h

A CRITICAL Toremove the sequencingadapters and primers, we use BBDuk (https://archive.
jgi.doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-guide/bbduk-guide/). An
advantage of using BBDuk is the bundled file containing common sequencing adapters, such
asthe Nextera adapters used in the MATQseq protocol®. The most efficient way of removing
sequencing adapters and MATQseq specific primersis to run BBDuk in two phases: (1) remove
MATQseq primers from the 5’ read end while also trimming any poly(A) tails from the 3’ end and
(2) remove sequencing adapters and MATQseq primers from the 3’ end.

86. Prepare adapters and primers files as follows:

#Download MATQ-seq primers

$ curl https://raw.githubusercontent.com/BarquistLab/MATQ-seq 2023/
main/Protocol/matgseq primers.fa -o matgseq primers.fa

#Copy BBDuk adapters file to current folder

$ cp SHOME/miniconda3/opt/bbmap-39.01-0/resources/adapters.fa nextera
and_primers.fa

#Add MATQ-seq primers to the end of the BBDuk adapters file

$ cat matgseq primers.fa >> nextera and primers.fa

A CRITICAL STEP $HOME is a system variable that contains the default user home directory.
Thisis generally /home/user on Linux systems.
87. RunBBDuk as follows, with the following parameters:

#Create BBDuk directories

$ mkdir -p BBDuk L BBDuk L R

#BBDuk parameters

$ bbduk opts="-Xmxl6g t=8 minlen=18 gtrim=rl \
trimg=20 k=17 mink=11 hdist=1"

#Process all sequenced cells

$ for file in sequenced reads/*.fqg.gz; do

filename = "S${file##*/}" # remove path from file name
filename = "${filename%.fqg.gz}" # remove file extension

read = "${filename}.fqg.gz"

# Trim left

bbduk.sh $bbduk opts \

in=$file out=BBDuk L/Sread \

ref=matseq primers.fa ktrim=1 trimpolya=30
# Trim right

bbduk.sh $bbduk opts \
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in=BBDuk_ L/S$read out=BBDuk L R/$Sread \
ref=nextera_and primers.fa ktrim=r

done
Parameter Description
XmxNNg The maximum amount of RAM to use (NN in GB, e.g., 16 in the above example)
t The number of threads to use
minlen Discard trimmed reads shorter than this length
qtrim Quality-trim reads at the 5' (1) 3' (r) or both ends (rl)
trimq Quality trim using the Phred algorithm
ktrim Adapter trimming direction 5' (1) 3" (r)
k k-mer size to use for adapter trimming
mink Allows shorter k-mers to be used at the end of reads
hdist Hamming distance (no. of mismatches allowed)
trimpolya Trim poly(A) tails

A CRITICALSTEP FastQC canbe run again at this point to examine the results after running
BBDuk.

Alignment and feature counting
O TIMING 2.5h

88.

89.

We use Bowtie2 (ref. 23) for read alignment and featureCounts? to count the number of
reads recovered for each feature. The first step is to generate a genome index using Bowtie2
as follows:.

$ bowtie2-build Genome annotation/salmonella sl11344.fa Genome
annotation/sl1344 index

Run Bowtie2 and convert the output to a BAM file using samt ools?. We then count the
number of assigned reads to each feature using featureCounts and the Salmonella
annotation (.gff) as follows, with the following parameters:

#Create output directories

$ mkdir -p bowtie2 aligned featureCounts

#Loop over the trimmed files

$ for file in BBDuk L R/*.fqg.gz; do
filename="${file##*/}" # remove path from file name
filename="${filename%.fqg.gz}" # remove file extension

# Set the output filenames

bam file="${filename}.bam"

count_file="${filename}.count"

# Align with Bowtie2 and convert SAM to BAM with Samtools
bowtie2 -p 8 --local \

-x Genome annotation/sl1344 index \

-U $file | samtools view -@ 8 -bS -h - > \

bowtie2 aligned/sbam file

#Count the number of reads assigned to each genomic feature
featureCounts -T 8 \

-a Genome annotation/salmonella sl1344.gff3 \

-t "gene, rRNA, tRNA, pseudogene" -g "ID" \

-o featureCounts/$count file \

bowtie2 aligned/$bam file
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Parameter Description

Bowtie2

local Local alignment mode

X Path to the genome index

N Number of mismatches allowed in alignment
U Path to single-end read file

P Number of threads to use

Samtools

@ Number of threads to use

bS Input is SAM format and output in BAM

h Include the header in the BAM file
featureCounts

T Number of threads to use

t Genomic feature (3rd column in GFF)

g Unique identifier for each feature (9th column in GFF)

A CRITICALSTEP Depending onthe bacterium and annotation used, different feature
names (for example, gene, rRNA, pseudogene in the above example) may be used. You
should examine the annotation file and if necessary, adjust the arguments given to
featureCounts for features (-t) and identifier (-g) so it matches the specific annotation.

Generate sequence report
® TIMING 1-2 min
90. MultiQCis an efficient tool to produce interactive QC reports based on the logs produced

by the tools runinthe previous steps across all cells, generating a single dynamic HTML
report®’. Use MultiQC as follows to provide an overview of the results and indicate if any
samples may have failed:

$ multige -o multigc/

Post-processing
® TIMING 20 min
91. Collate the count files obtained using featureCounts into a count matrix where rows are

genes and columns are cells. Use this count matrix in downstream analysis. After obtaining
quantifications, various analytical approaches can be employed depending on the specific
biological question. For instance, PCA is used for visualizing high-dimensional data by
reducing the dimensionality into principal components that capture uncorrelated sources
of'variationin the data. Plotting cells on these components can identify cell populations
that differ from one another for further exploration. We provide R code to generate the
PCA plot shownin Fig. 5 (Supplementary Code).

Troubleshooting

Troubleshooting advice can be found in Table 2.

Table 2 | Troubleshooting

Step Problem Possible reason

Solution

Steps 42 Positive control is not RNA quality

Check RNA on Nanodrop and on a gel, Bioanalyzer, etc

and 43 working RNA quality

Dilutions of total RNA (1 ng/ul and lower) stored at -20 °C tend to degrade
over time. Prepare new dilutions frequently
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Table 2 (continued) | Troubleshooting

Step Problem Possible reason Solution
Issue with one of the reagents Use new aliquots of water, buffers and primer. If this does not help, enzymes
can be exchanged one by one as a last possibility
I.DOT dispensing robot displays If .DOT is used, perform experiments manually to make sure it is not a
inconsistent dispensing volumes dispensing problem
and/or drop detection errors with
one or more reagents
Sterility issue—contamination and Decontaminate the working area and wipe all materials with RNAseZap
degradation of RNA
Bead cleanup Make sure beads have not been overdried. To test, measure the Qubit before
cleanup
Steps 42 Negative control is higher Sterility issue—contamination and Assess the sterility of the workflow. This includes ensuring a clean RNA-seq
and 43 that 2 ng/uland shows band  degradation of RNA workbench, separating work involving living organisms from this area and
pattern on Bioanalyzer considering FACS as a potential contamination source. Make sure the FACS
tubing has been properly flushed and cleaned before use. Remove and clean
the nozzle in a sonicater bath before re-use. Use ultraclean water for cleaning
and run a water-only sample to check for contamination
Cross-contamination Use strip tubes with individual caps instead of well plates. Physically separate
negative and positive controls (leave empty wells in between)
Steps 42  cDNA is obtained for If cDNA yield is only an issue for single  Try alternative lysis options and make sure that the MATQ-seq workflow is
and 43 100/ 10 cells but not for cells, cell lysis might not be efficient running well with a spike-in of low amounts of total RNA (e.g., 10 pg)
single cells
Steps 42  cDNA concentration of Timing issue Make sure all pipetting steps are performed fast and efficiently. Keep samples
and 43 single-cells is below 3 ng/ul onice at all times
Steps 42  Bioanalyzer shows major Excess of primer dimers Make sure ethanol evaporated before elution and beads have not been
and 43 peaks below 150 bp overdried
Step 57 Library concentration is Efficiency issue Check library on Bioanalyzer. If no broad peak is detectable, library
below 5 ng/ul preparation did not work. Repeat the PCR step and prepare new dilutions of
cDNA input material
Step 67 Library concentration is DASH did not work properly Check libraries on Bioanalyzer. There should be only a broad pattern and
above 3 ng/pl no peak. In case of a peak, check whether sgRNA was degraded. Minimize
freeze-thawing of sgRNA and repeat the DASH protocol
Steps 72 Library concentration is Library amplification after DASH did Verify the concentration/dilution of the input material and correct primer
and 73 below 10 ng/pl not work concentration. Repeat PCR amplification
Steps 72 Bioanalyzer shows major Excess of primer dimers Make sure ethanol evaporated before elution and beads have not been
and 73 peaks below 150 bp overdried
Box 1 Concentration of DNA Inefficient fill-in reaction Make sure primer pool and fill-in oligonucleotide have correct concentration.
products is below 30 ng/ul Repeat PCR and measure Qubit before proceeding with cleanup
Box 1 Additional shorter peaks Issue with cleanup Check consumables used in the purification kit, make sure all steps were
appear correctly executed. Repeat PCR and cleanup and make sure all residual
buffer components are removed before elution
Box 1 Low concentration of sgRNA  Inefficient IVT Check quality of DNA template, make sure DNA is not degraded and verify
pool (<100 ng/pl) dNTP concentration. Repeat IVT and purification, place sgRNA on ice
immediately after elution and stored it at -80 °C
Box 1 Additional shorter peaks Issue with cleanup Check consumables used in the RNA cleanup kit, make sure all steps were
appear correctly executed. Repeat IVT and cleanup and make sure all residual buffer
components are removed before elution
Timing

Timing information can be found in Table 3. Timing for data analysis has been estimated
usinga Linux laptop running Ubuntu 22.04 LTS with 8 CPUs, 16 GB RAM and a solid-state
hard drive. Timing may vary depending on your computational environment. All code
canberun onacomputing cluster; increasing computational resources can reduce the
overall run times.
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Table 3| Timing

Steps Timing Stop and store
Varies Bacterial culture preparation 4-12h
Day1,4-6h Sample preparation and single-cell isolation

1-2 Prepare lysis buffer and fill plates 50 min

3-6 Prepare bacterial culture for FACS 30 min

7-8 FACS sort cells 100 min Store at -80 °C
Day 2,8-10h MATQ-seq protocol automated with I.DOT

9-14 Thaw plates and prepare initial mixes 60 min

15-17 Reverse transcription 215h

18-20 Primer digestion 2h

21-22 RNA digestion 1h

23-25 Poly(C) tailing 45 min

26-29 Second-strand synthesis 45 min

30-32 PCR amplification 2h Store at-20 °C
Day 3,3-4h cDNA purification

33 Equilibrate beads to room temperature 30 min

34 Mix beads with each sample 10 min

35 Incubate beads with sample 10 min

36-37 Magnetic stand and two washes 15 min

38 Dry beads on magnetic stand 8-10 min

39-41 Elute cDNA from beads and transfer purified sample 10 min Store at-20 °C

QcC

42 cDNA guantification via Qubit 30 min

43 Bioanalyzer 50 min Storeat-20°C
Day 4,8-9 h Library preparation via Nextera XT

44 Dilution of cDNA samples 30 min

45-54 Nextera XT 2h

55-56 Bead purification 1h

57 QC via Qubit flex 20 min Store at -20 °C

Ribosomal RNA depletion via DASH

58-61 sgRNA-Cas9 complex formation 25 min

62-67 DASH reaction and Cas9 inactivation 25h

68-70 DASH amplification 35 min

7 Library bead purification 1h Store at-20 °C
Day 5, 4-8 h Pooling, final QC and sequencing

72 Determining library concentration via Qubit 30 min

73 Determining average library size via Bioanalyzer 60 min

74 Adjusting libraries to final concentration 30 min Store at-20 °C

75 Library pooling and QC 1h Store at-20 °C
Day 6 Sequencing

76 Sequencing single-end mode 100 cycles 24 h
Day 7 Data analysis

77 Demultiplexing 30 min

78 Install Ubuntu-based software 1-2 min

79-80 Install Bioconda and bioinformatics tools 5-10 min

81 Download bacterial genome and annotation 5 min

82-84 Download sequence files 1-1.5h
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Table 3 (continued) | Timing

Steps Timing Stop and store
85 QC of sequenced reads 30-45 min
86-87 Read trimming, primer and adaptor removal 1h
88-89 Alignment and feature counting 25h
90 Generate sequence report 1-2 min
91 Post-processing 20 min
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Fig.4|QC of sgRNA synthesis. a, Illustrative Bioanalyzer DNA 1,000 profiles
depicting the intermediate DNA pool generated during sgRNA synthesis. The
dataincludes two representative DNA pools, along with a negative control
exhibiting no detectable peaks. The electropherogram of the pool marked by
an asterisk with a primary peak at 146 bp is presented on the right. b, QC of the
sgRNA pool after IVT using the Bioanalyzer RNA Pico kit. Two desired products

the undesired one below.

are shown along with one exhibiting an undesirable profile. The additional peak
inthe third pool represents an example of incomplete purification or a product
of artificial amplification. sgRNA pools showing such additional peaks should be
excluded for subsequent use in the DASH reaction. Electropherograms of pools
marked by asterisks are shown on the right: the desired one is displayed above,
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Fig. 5| Bioinformatic processing and analysis. a, Computational analysis
pipeline. Once FASTQ files are downloaded, basic QC can be performed using
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters
and MATQ-seq primers are removed using BBDuk (https://archive.jgi.doe.gov/
data-and-tools/software-tools/bbtools/bb-tools-user-guide/bbduk-guide/).
Bowtie2” is used to map reads to the bacterial genome and featureCounts® is
used to count reads assigned to genomic features (genes). Post-processing using
theresulting count matrix is performed using R. b, An example PCA plot as output
from computational analysis showing the recovery of growth phase clusters from
scRNA-seq. The four conditions are: early exponential phase (EEP) at OD 0.1, mid
exponential phase (MEP) at OD 0.3, late exponential phase (LEP) at OD 1.0 and
early stationary phase (ESP) at OD 2.0. The R script to generate this PCA plot from
the featureCounts output is available as Supplementary Code. Partially adapted
with permission fromref. 8, ASM.

Anticipated results

The first opportunity for QC in the MATQ-seq protocolis after PCR amplification because

the RNA and cDNA concentrations before this step are too low for detection. After cDNA
purification, a concentration of 3-10 ng/pl can be expected for individual cells. The Bioanalyzer
traces should show characteristic rRNA peaks and match the positive control in this case for

S. enterica (Fig. 3a-c). Of note, these peaks are species-specific. Therefore, running positive
controls using a spike-in of 50 pg of total RNA of the bacterial species under investigation is
highly recommended in each experiment. In addition, the Bioanalyzer profile of a negative
control should always be checked to identify possible contamination leading to unspecific
amplification (Fig. 3a-c). When first implementing the MATQ-seq protocol, it is advisable
tobeginwith sorted gradients ranging from100, 50, 10 cells down to single cells to estimate

workflow efficiency and ensure proper cell lysis.

For library preparation, the initial QC is conducted after the index PCR. Library concentrations
are anticipated to fall within the range of 5-20 ng/ul, with the Bioanalyzer pattern displaying
abroad distribution and an average library size of 400-500 bp (Fig. 3d). Following DASH,
the targeted cleavage of rRNA-derived cDNA results in a concentration drop to 1-3 ng/pl.
Onthe Bioanalyzer, an additional smaller peak emerges from cleaved products (Fig. 3e). After
reamplification of non-cleaved products, the original library peak reappears with an average
size of 400-500 bp, and concentrations between 10 and 30 ng/pl are expected (Fig. 3f).

Using DASH in S. enterica, the proportion of remaining rRNA reads was 75% on average®.
Within replicates and under different growth conditions, the remaining rRNA reads varied
between 65% and 85% compared with 97% of rRNA reads without depletion®. For other
organisms, these efficiencies are expected to vary due to changes in the sgRNA pool and the

overallamount of rRNA.

The synthesis of the sgRNA poolinvolves two primary stages, each followed by a QC step.
Following the fill-in reaction, a DNA concentration ranging from 100 to 200 ng/ul is anticipated.
The negative control should be below 50 ng/l. The Bioanalyzer profile should exhibit a distinct
peak between 140 and 150 bp (Fig. 4a). In the subsequent in vitro transcription (IVT) phase,
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the final sgRNA poolis expected to have a concentration exceeding 800 ng/pl and should
display a sharp peak on the Bioanalyzer profile within the range 0f 150-160 bp (Fig. 4b). Samples
showing additional smaller peaks can be repurified using the Monarch RNA Cleanup kit. If the
peak persists, the sample should be excluded and not used for DASH.

After sequencing of the library, acomputational pipeline is used to analyze the scRNA-seq
dataset (Fig. 5a). This pipeline generates QC reports and output files that are used for post-
processing analysis such as determining the number of detected genes per cell, RNA class
distribution, gene expression profiles and PCA”® (Fig. 5b).

Reporting summary
Furtherinformation on research designis available in the Nature Portfolio Reporting Summary
linked to this article.

Data availability

The sequencing datais available from the Sequence Read Archive under BioProject number
PRJNA904727. The annotated genome of Salmonella enterica subsp. enterica serovar
Typhimurium str. SL1344 is available from NCBI at https://www.ncbi.nlm.nih.gov/datasets/
genome/GCF_000210855.2/.

Code availability
All code and files used in this protocol are available at https://github.com/BarquistLab/
MATQ-seq_2023/. The code in this protocol has been peer reviewed.
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