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Highlights

- Detailed methods and vectors to perform CRISPRi assays in S. aureus and E. coli
- A novel CRISPRi vector based on a very broad host range plasmid
- Methods to optimize the expression level of dcas9 in a single step to avoid toxicity

Abstract

The catalytic null mutant of the Cas9 endonuclease from the bacterial CRISPR immune system,
known as dCas9, can be guided by a small RNA to bind DNA sequences of interest and block gene
transcription in a strategy known as CRISPRi. This powerful gene silencing method has already
been used in a large number of species and in high throughput screens. Here we provide detailed
design rules, methods and novel vectors to perform CRISPRi experiments in S. aureus and in E.
coli, using the well characterized dCas9 protein from S. pyogenes. In particular, we describe a vector
based on plasmid pC194 which is broadly used in Firmicutes, as well as a vector based on the very
broad host-range rolling circle plasmid pLZ12, reported to replicate in both Firmicutes and
Proteobacteria. A potential caveat of adapting dCas9 tools to various bacterial species is that dCas9
was shown to be toxic when expressed too strongly. We describe a method to optimize the
expression level of dCas9 in order to avoid toxicity while ensuring strong on-target repression
activity. We demonstrate this method by optimizing a pLZ12 based vector originally developed for
S. aureus so that it can work in E. coli. This article should provide all the resources required to
perform CRISPRi experiments in a broad range of bacterial species.
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1. Introduction

Methods to inactivate genes, either through the introduction of mutations or through silencing
of gene expression, are critical to the study of gene function. In bacteria, various strategies have
been developed to introduce specific mutations through homologous recombination with a DNA
template [1,2], but when the targeted genes are critical to the survival of the cell, gene knockouts
cannot be obtained. Gene silencing techniques can be inducible, enabling the study of essential
genes, and are frequently easier to implement than targeted mutagenesis techniques. Synthetic non
coding RNAs can be programmed to alter gene expression through hybridization with messenger
RNAs leading to destabilization of the transcript or alteration of translation initiation [3]. Such
strategies include: synthetic antisense RNA (asRNA) [4,5,6], toehold switch regulators [7],
translation-regulating riboswitches [8], and aptazyme [9,10]. In particular asRNA were used to
systematically inactivate genes in bacterial genomes and identify essential genes in S. aureus [4] or
in Escherichia coli [5,6]. However, native asRNA sytems show structural and mechanistic
complexity that makes asRNAs difficult to engineer [11]. Other strategies use non coding RNAs to
alter gene expression at the transcription level by modulating transcription termination/attenuation
[12,13].

Here we will focus on the inhibition of transcription initiation or elongation which can be
achieved by repurposing clustered regularly interspaced short palindromic repeat (CRISPR)
systems, in a strategy known as CRISPR interference (CRISPRi) [14,15]. CRISPR systems are
adaptive immune systems of prokaryotes, found in most archaea and about ~40% of bacteria [16,17].
Type II systems, and in particular the one from Strepfococcus pyogenes, have been the most
exploited since they rely on a single protein, Cas9, for target DNA cleavage [18,19]. This system
consists of an endonuclease Cas9 protein that forms a complex with two RNAs, a mature CRISPR
RNA (crRNA) that guides the complex to bind target DNA and a trams-activating crRNA
(tractrRNA). The Cas9 endonuclease searches for target sequences by first scanning DNA for the
presence of Protospacer Adjacent Motif (PAM) sequences, followed by unwinding of the DNA
double helix and hybridization of the crRNA, ultimately leading to a double-strand break at the
target position [20]. The crRNA and tracrRNA can be fused to generate a chimeric single guide
RNA (sgRNA) that mimics the natural crRNA-tracrRNA [18].

While Cas9 can be used to introduce mutations at target positions in bacteria, the main outcome
of Cas9 cleavage in the chromosome is cell death rather than gene knockout [21,22,23,24]. The
catalytic dead variant of Cas9 (dCas9) can however be conveniently used to silence gene expression.
This variant lacks endonuclease activity due to two mutations (D10A and H841A) inactivating the
RuvC and HNH catalytic domains [14,15,18]. When dCas9 is coexpressed with a guide RNA, it
forms a DNA recognition complex that binds to the specific target, like wild-type Cas9, but without
cleavage of the DNA. When bound to promoter sequences, dCas9 can block transcription initiation,
and when the guide RNA binds the non-template (coding) strand of a gene, dCas9 attachement is
strong enough to block transcription elongation. This strategy, called CRISPRi, can be used to
silence genes in bacteria and to repress multiple target genes simultaneously. CRISPR targets are
easily programmed by substituting the first 20 nucleotides of the sgRNA sequence to match the non-
template strand of the target gene, making the design and construction of CRISPR libraries that
target specific sets of genes, or the entire genome, straightforward. Genetic screens using CRISPR
libraries have already contributed to the identification of gene function and drug modes of action
[24,25,26,27].

However, the use of CRISPRi requires a few important design rules. In fact, a recent study in
which a pool of guide RNAs was used to target approximately 10° positions in the chromosome of



E. coli, showed that dCas9 can cause off-target effects at positions with as little as 9 nt of homology
to the guide RNA [27]. Another observation was the unexpected toxicity of dCas9, when guided by
sgRNAs sharing some specific 5 nt PAM-proximal sequences [27]. This phenomenon called the
“bad-seed” effect is particularly observed at high dCas9 concentrations, and could be decreased by
tuning dCas9 levels while maintaining strong on-target repression. Using such optimized expression
cassette enables performing powerful screens using dCas9 [28].

CRISPRi methods have already been adapted to a wide range of bacterial species
[24,25,28,29,30,31,32,33]. Recent works reported a gene knockdown method in S. aureus, using a
E. coli-S. aureus shuttle plasmid carrying dCas9 and a sgRNA [30,34]. These systems can repress
the expression of multiple genes simultaneously, silence an entire operon or part of it, and be used
for functional studies of essential genes in S. aureus.

In a first part, we detail protocols to perform inducible CRISPRi experiments in S. aureus. This
work includes the description of two novel CRISPRi vectors, one based on the commonly used
pC194 plasmid [35] and the other based on the broad host range pLZ12 plasmid, a derivative of the
streptococcal plasmid pSH71 [36] which is known to replicate in both gram positive and negative
bacteria [36,37,38,39]. We demonstrate the performance of the strategy by silencing the essential
gene rpsL. In a second part, we develop a method to optimize the expression level of dCas9 to avoid
the toxicity phenomenon observed in E. coli. A library of ribosome binding sites (RBS) controlling
the translation of dCas9 is screened, to select in one step, clones able to survive the expression of
dCas9 in the presence of a bad seed sequence, while maintaining strong on-target repression of a
mCherry reporter gene. This strategy enabled us to quickly adapt the pLZ12 vector initially
developed for S. aureus to perform CRISPRi assays in E. coli. The “bad-seed” toxicity phenomenon
has so far only been reported in E. coli, but is likely present in other bacterial species, where the
methods described here can also be applied. Note, however, that the mechanism of the bad seed
toxicity is not understood for now and that bad-seed sequences might be different in different
species. Further research, and in particular high-throughput screens will be needed to elucidate this
point.

2. Methods to silence genes in S. aureus using dCas9

Two novel vectors carrying the S. pyogenes CRISPR-Cas9/dCas9 systems were constructed. The
first vector, pFD78, is based on the commonly used pC194 plasmid (Fig. 1) [35]. The other vector,
pFD116, is based on the broad host range plasmid pLZ12spec, a spectinomycin resistant variant of
plasmid pLZ12 (Fig. 2) [40]. Plasmid pLZ12 was obtained by introducing a multiple cloning site in
plasmid pNZ12 [37] which itself derives from the Streptococcus lactis plasmid pSH71 [36,41].
Interestingly, these vectors and their derivatives have been shown to replicate in gram positive
bacteria such as Bacillus subtilis [39], Lactobacillus plantarum, Lactobacillus manihotivorans [42],
Streptococcus pyogenes [37], Streptococcus pneumoniae [15,39], Streptococcus suis [38],
Streptococcus mutans [43], Streptococcus agalactiae [44], as well as gram negative bacteria such
as E. coli [39,41,43], Borrelia burgdorferi, Agrobacterium tumefaciens, Acinetobacter baylyi,
Francisella novicida [39].

Both vectors carry either cas9, or dcas9, under the control of an inducible Ptet promoter and a
sgRNA controlled constitutively from a promoter of S. aureus (Fig. 1 and Fig. 2). In addition,
plasmid pFD116 carries an origin of transfer for the RP4 conjugation machinery [45], enabling
conjugation to a large number of species (for protocols see references [46] and [47]). We provide
all the steps from target choice to guide RNA cloning (Fig. 3) and silencing experiments. Briefly,



in a first step, the target sequence should be chosen correctly to ensure the presence of a PAM, the
proper orientation of dCas9, and to avoid off-target effects. Oligonucleotides can then be designed
to allow cloning between two Bsal sites on the vector. Oligonucleotides are phosphorylated and
annealed to reprogram the guide carried by the vector using the Golden Gate assembly method [48].
The resulting plasmids can then be introduced in S. aureus, followed by colony PCR and sequencing
to check the proper cloning of the guide. Finally, good clones can be used to perform inducible
CRISPRi experiments by growing them on a medium with or without anhydrotetracycline (aTc).

2.1. Plasmids, bacterial strains and culture conditions

The plasmids used in this study are summarized in Table 1 and the primers to construct them
are provided in Table 2. Their construction is described in Fig. 1 and Fig. 2. The strains used in this
study are summarized in Table 1. Staphylococcus aureus strain RN4220 [49] was used as host for
construction of plasmids based on pC194, while E. coli strain DH5a was used as host for
construction of plasmids based on pLZ12. The strains were grown at 37°C in trypticase soy broth
(TSB) or on agar (TSA) plates for S. aureus and in Luria-Bertani broth or agar for E. coli.
Chloramphenicol (Cm, 10 pg/ml) and spectinomycin (Spec, 60 pug/ml in E. coli or 120 pg/ml in
S. aureus) was added to the medium to prevent loss of plasmids derived from pC194 and pLZ12,
respectively.

2.2. Choice of the target sequence

The single guide RNA (sgRNA) used in this study is a chimeric fusion between the crRNA,
which encodes a 20-nt target-specific sequence, and the tractrRNA, which enables the formation of
active Cas9—guide RNA complex (Fig. 1B) [18]. The target sequence is followed by a PAM
sequence (5’-NGG-3") which is essential for recognition of target DNA by Cas9 or dCas?9.

As an example, we design here guide RNAs targeting the essential 7psL gene, which encodes the
ribosomal S12 protein of the 30S subunit of the ribosome and plays a role in translational accuracy
(Fig. 3.1).

A few guidelines need to be considered to choose the target sequence / guide.

1. The sequence of the gene should be analyzed to identify a 20 nucleotides target sequence with
a proper PAM sequence (5’-NGG-3’) present at the 3° of the target (Fig. 3.1).

2. The strand orientation of dCas9 binding does not seem to matter when blocking transcription
initiation by targeting a promoter sequence; however when targeting inside a transcribed region,
binding of the guide RNA to the non-template (coding) strand (for example, primer F205,
Fig. 3.1) is required to block the elongating RNA polymerase [14,15,27].

3. The repression efficiency was initially reported to be inversely correlated with the target
distance from the transcription start site by Qi and coallegues [14], but this effect was not
observed in a genome-wide screen [27]. Nonetheless, to avoid any risk that a target at the end
of the gene might lead to the production of functional truncated proteins, we recommend to
choose targets close to the gene start when possible.

4. When the target gene is in an operon, dCas9 will block the expression of all the downstream
genes. The effect on upstream genes, also referred to as the reverse-polar effect, seems to
depend on the organism. While a strong reverse-polar effect was observed in B. subtilis [25],
only a ~50% reduction in the abundance of upstream transcript was observed in S. aureus [30].
The effect also seems weak or non-existing in E. coli for guides targeting more than 100 nt
away from the gene end [27]. Note however that the effect in E. coli was measured through the



fitness defect produced when targeting downstream of essential genes, and not through direct
measurement of RNA levels.

5. Candidate target sequences should be checked to ensure the absence of off-target positions.
This can simply be achieved by using an alignment search such as NCBI-Blast. dCas9 can
tolerate large number of mutations in the PAM-distal part of the guide, but not in the PAM-
proximal region [50]. Therefore, guides that have candidate off-target positions with a proper
PAM and a perfect match with the 10 PAM-proximal bases, should be avoided. Off-target with
as little as 9 nucleotides of perfect identity were also reported, but will substantially block gene
expression only when present in a promoter sequence, as the interaction is too weak to constitute
a strong roadblock for the elongating RNA polymerase. Studies have also shown that dCas9
can bind to non-NGG PAM sites which should be considered when looking for potential off-
target positions [2,51]. Completely avoiding off-targets with such a small sequence requirement
might be challenging. Therefore, guides with off-targets that are unlikely to have an effect on
the phenotype under study might be considered. Unproblematic off-targets typically include
targets on the template strand of genes that are not related to the phenotype under study. To
ensure that off-targets are not confounding results, we recommend to study a minimum of three
guides per gene.

2.3. Design of oligonucleotides for cloning in sgRNA

It is important to note that the PAM needs to be present immediately downstream of the target
site in the genomic DNA, but the NGG sequence is not introduced in the sgRNA (Fig. 3.2). To avoid
the introduction of extra nucleotides during the assembly of the specific guide sequence in our
plasmids, we use the type IIS Bsal restriction enzyme which cleaves outside of its recognition
sequence (Fig. 2 and Fig. 3.3). The overhangs produced by Bsal at two sites on the vector have been
designed to coincide with the end of the promoter sequence on the left of the guide, and with the
sgRNA scaffold region on the right. The left overhang is 5'-TTAG-3' for plasmids based on pC194
(Fig. 3.4) and 5-ACTA-3' for plasmids based on pLZ12 (Fig. 2), while the right overhang is 5'-
GTTT-3' for all vectors (Fig. 2 and Fig. 3.4). Thus, the oligonucleotides should be designed to
produce the following complementary overhangs when annealed: 5' overhangs of 5'-CTAA-3' and
5'-AAAC-3" for cloning of guides in pFD77 (pC194Qcas9:sgRNA) and pFD78
(pC194Qdcas9:sgRNA)  (Fig. 3) or 5-TAGT-3' and 5-AAAC-3'" for pFDII5
(pLZ12Qcas9:sgRNA) and pFD116 (pLZ12Qdcas9:sgRNA) (see Fig. 2).

2.4. Phosphorylation and annealing of oligonucleotides

Oligonucleotides carrying the guide sequence and the 4nt overhangs necessary for cloning into
the vector digested with Bsal (Fig. 3), can be phosphorylated, denaturated and annealed as described
below.

2.4.1. Phosphorylation of oligonucleotides

Mix in a tube

- 15 ul of each oligonucleotide from a 10 uM stock

- 14 ul of water

- 5 pl of T4 ligase buffer 10X with ATP 10 mM (or PNK buffer with addition of ATP at | mM
final)

- 1 ul of T4 PNK (polynucleotide kinase) at 10,000 units/ml (Thermo Scientific)

Incubate at 37°C for 30 min



2.4.2. Denaturation of oligonucleotides

- Add 2.5 pl of NaCl ImM
Incubate 5 min at 95°C in a dry heating block.

2.4.3. Annealing of oligonucleotides

For proper annealing, temperature needs to be slowly decreased below 40°C. This can be
conveniently achieved by removing the block from the heater and leaving it on the bench.

2.5. Plasmid extraction from S. aureus RN4220
Plasmids based on pLZ12 (e.g. pFD116) can be extracted from E. coli using standard kits and
protocols. Plasmids based on pC194 (e.g. pFD78) can be isolated from S. aureus RN4220 as follows.

1. Centrifuge 1.5 to 3 ml of an overnight culture in TSB.

2. Resuspend the pellet with 250 pl of the lysis solution from a miniprep kit (e.g. buffer Al of the
NucleoSpin kit from Macherey-Nagel, or buffer P1 from Qiagen), and add 4 pl of lysostaphin
(Ambi Products LLC) at 2 mg/ml.

3. Incubate for 1h at 37°C.

4. Continue the steps of the plasmid purification kit according to the manufacturer's instructions
to isolate the plasmid DNA.

2.6. Cloning of oligonucleotides by Golden Gate method

Mix of 10 pl
- 2 pl of plasmid DNA
- 2 ul of annealed oligonucleotides obtained at step 2.4.3, diluted 1:10 in water
- 1 pl of cutsmart buffer 10X (Biolabs)
- 1 pl of Bsal-HF (Biolabs)
-1 pl of ATP at 1 mM
- 1ul of T4 ligase at 400,000 units/ml (Biolabs, M0202S)
-2 ul of H20

Incubate in a thermocycler with the following conditions
- 25 cycles of:
o 3 minat37°C
o 4 minat 16°C
- 5 min at 80°C to inactivate the enzymes

Dialyze the resulting plasmids on a membrane filter (0.025 um VSWP, Millipore) for 20 min at
room temperature.

2.7. Transformation of the assembled plasmid in bacteria.

Plasmids based on pLZ12 were introduced in E. coli DH5a using standard transformation
procedures described elsewhere [52]. The resulting plasmids were then extracted from E. coli using
a miniprep kit and transformed in S. aureus RN4220. Plasmids based on pC194 were directly
introduced in S. aureus strain RN4220 as follows. Plasmids used to transform S. aureus NCTC
8325-4 [53] were extracted from S. aureus RN4220 to acquire the proper methylation pattern and



avoid restriction. Note that an alternative is to extract plasmids from E. coli strain IMXXB which
was modified for this purpose [54].

2.7.1 Preparation of S. aureus electrocompetent cells

1.

A N ARl

10.

Resuspend a single colony from a TSA plate in 3 ml of TSB and incubate at 37°C overnight with
shaking at 120 rpm.

Dilute the overnight culture 1:100 in 100 ml of TSB in a 250 ml flask.

Incubate at 37°C with shaking at 120 rpm until an optical density at 600 nm (OD600) of 0.5-0.6.
Transfer the culture in 2 conic bottom tubes of 50 ml.

Centrifuge the cells at 4,000g for 10 min at 4°C.

Resuspend the pellet in 50 ml of sterile cold-water.

Centrifuge and resuspend in 25 ml of sterile cold-water.

Repeat step 5 and resuspend in 12.5 ml of sterile cold-water containing 10% of glycerol.
Finally, repeat step 5 and resuspend the cells in 1 ml of sterile cold-water containing 10% of
glycerol.

Distribute 100 pl aliquots in 1.5 ml Eppendorf tubes, and store at -80°C.

2.7.2. Transformation in S. aureus

After dialysis, S. aureus strains (RN4220 or 8325-4) were transformed by electroporation with

the resulting plasmids.

1.

AN

Add 5 plto 10 pl of plasmid DNA to 50 ul of S. aureus electrocompetent cells.

2. Mix and incubate for 10 min at room temperature.
3.
4. Perform the electroporation with the following settings: resistance, 100 Q; capacity, 25 uF;

Place the mix in a 0.2 cm electroporation cuvette

voltage, 2.5 kV.

Add 800 pul of TSB to the cuvette after electroporation and transfer into 1.5 ml Eppendorf tube.
Incubate for 1h at 37°C with shaking at 120 rpm.

Spread 50 pl, 200 ul and the remaining on TSB plates containing antibiotics for selection of the
plasmid.

2.8. Screening of clones by colony PCR in S. aureus

To check for successful cloning of guide sequences, we perform, in parallel, two PCRs on

colony lysates. The first PCR enables to identify clones carrying the guide sequence and the second
PCR to amplify a fragment which can be used to confirm the guide sequence by Sanger sequencing.
We typically obtain six good clones out of eight screened colonies for the first PCR, and Sanger
sequencing results show a mutation only once every ten screened clones on average.

2.8.1. Preparation of colony PCR buffer
Mix for 500 ml:

-9.32 g of KClI (or 125 ml of KCI IM)

- 0.24 g of MgCl2 (or 2.5 ml of MgClL2 1M)
- 25 ml of Tris-HCI pH9.0 at IM

- 2.5 ml of Triton X-100

Add H20 gsp 500 ml



2.8.2. Colony PCR for S. aureus

1. Pick one colony and resuspend it in 40 pl of colony PCR buffer.

2. Add 2 pl of lysostaphin at 2 mg/ml.

3. Execute a lysis program in a thermocycler: 20 min at 37°C following by 10 min at 98°C and cool
down to 10°C.

4. Spin down the tubes for 3 min at 13,000 rpm.

5. Use 2 to 3 ul of the lysate as template DNA for your PCR reaction.

2.8.3. Amplification by PCR

1. Perform a first PCR using the reverse primer of the guide and a forward primer which anneals
upstream of the guide to amplify a fragment with a correct size (between 300 bp and 1 kb).

For example, here we chose a forward primer annealing to the end of dcas9 (LC547) to obtain a
fragment with an expected size of 384 bp.

2. In parallel, perform a second PCR, with primers, surrounding the guide region (we used here
LC547/F191 for plasmids derived from pC194 or LC547/AB269 for plasmids derived from
pLZ12).

3. Purify the second PCR, using a PCR clean up kit, for clones where the first PCR was positive,
and send it for Sanger sequencing.

2.9. Test of knockdown efficiency by cas9 or dcas9 induction on agar plates

Control strains carrying either an empty vector or a sgRNA without target, and their derivatives
harboring specific sgRNAs were grown overnight in TSB with appropriate antibiotic (Cm 10 pg/ml
for pC194 and Spec 120 pg/ml for pLZ12), followed by serial dilutions and 5 pl were spotted on
TSA with or without aTc at 0.025 pg/ml for the plasmids derived from pC194 or at 0.5 pg/ml for
the plasmids derived from pLZ12.

3. Analysis of knockdown efficiency for the essential gene, rpsL, in S. aureus

We constructed plasmids carrying dcas9 to perform CRISPRIi assays. The identical plasmids
carrying cas9 were also constructed as controls and to demonstrate the consequences of Cas9
cleavage in the chromosome of S. aureus. The cas9 or dcas9 genes are controlled by an aTc-
inducible Ptet promoter, whereas the sgRNA is controlled constitutively from the PpfIB promoter
of S. aureus [55]. The Cas9-sgRNA or dCas9-sgRNA expression cassettes were introduced either
on plasmid pC194 (Fig. 1) or on the broad host range plasmid pLZ12spec (Fig. 2), yielding plasmids
pFD77 (pC194Qcas9:sgRNA), pFD78 (pC194Qdcas9:sgRNA), pFDI115 (pLZ12Qcas9:sgRNA)
and pFD116 (pLZ12Qdcas9:sgRNA). In plasmids pFD115 and pFD116, the overhang of the Bsal
site on the promoter side was changed to make it compatible with the previously published plasmid
psgRNA (Fig. 2) [27]. The Bsal guide was used as non-targeting negative control since it has no
specific target in S. aureus or in E. coli.

To measure the ability of dCas9 to repress the essential rpsL gene of S. aureus, guides were
designed to target the template strand (T-rpsL) or the coding strand (C-rpsL) (Table 3). These guides
were cloned either in pFD78 (pC194Qdcas9) (Fig. 1) or in pFD116 (pLZ12Qdcas9) (Fig. 2) and
introduced into S. aureus RN4220 as detailed in Method section 2 and in Fig. 3. The primers used
for the guides are reported in Table 3. Variants of these plasmids with cas9 instead of dcas9 were
also tested and are presented in Table 3.



S. aureus RN4220 carrying the plasmids described above or an empty control vector were grown
overnight followed by serial dilutions and plating in the absence or in the presence of aTc (Fig. 4).
In the absence of aTc, none of the strains showed a growth defect. As expected, with dcas9 and in
the presence of aTc, sgRNAs targeting rpsL on the coding strand strongly inhibited growth on agar
plates. The guide targeting the template strand showed a moderate effect for the pC194 based vector
(pFD78) (Fig. 4A). This is consistent with the fact that binding in that orientation only partially
represses gene expression [14,15,27]. This phenomenon was less striking for the pLZ12 based
vector (pFD116), suggesting that dCas9 is expressed at a lower level in this vector (Fig. 4B). In the
presence of the Cas9 nuclease, both the sgRNA targeting the template or coding strands of rpsL led
to efficient cell death (Fig. 4C and D), consistently with the fact that Cas9 cleave both DNA strands
regardless of orientation. In this case, cell death is due to the destruction of the host DNA rather
than silencing of the rpsL gene [23].

We also tested here whether the toxicity phenomenon caused by specific seed sequences
previously described in E. coli would also occur in S. aureus (Fig. 4B). To this end, guides that do
not show any target in S. aureus but carry two of the strongest bad seeds (ACCCA and AGGAA)
for E. coli were cloned in plasmid pFD116. These guides showed no toxicity in S. aureus suggesting
that the bad seed effect either does not exist in S. aureus or that it occurs with other seed sequences
that are yet to be identified.

Finally, the same plasmids were electroporated in S. aureus 8325-4 [53] and knockdown
efficiency measured in the same way (Fig. 5). The results (Fig. 5) were similar to those obtained
with S. aureus RN4220 (Fig. 4). Altogether these results demonstrate efficient and inducible
silencing of a target essential gene in S. aureus by dCas9 using both our pFD78 (pC194Qdcas9) and
pFD116 (pLZ12Qdcas9) (Fig. 5A) vectors.

4. Method to optimize the expression level of dcas9 in E. coli

After constructing the pFD116 (pLZ12Qdcas9) vector and validating it in S. aureus as showed
in Fig. 4B and Fig. 5A, we observed that expression of dCas9 from this plasmid in E. coli is highly
toxic, presumably due to expression levels that are too high. We first attempted to reduce the
concentration of aTc in order to obtain an intermediate level of dCas9 expression. However, this
proved to be challenging as a concentration of 0.025 pg/ml of aTc did not lead to a dCas9 level high
enough to strongly block the expression of a target mcherry, while a concentration of 0.05 pg/ml
was already too high and toxic. This is likely due to a sharp response of the Ptet promoter in this
concentration range and to the fact that in a regime of low transcription and high translation the
amount of dCas9 protein might vary widely depending on the number of transcripts available in the
cell [56,57]. In order to obtain a more stable expression level, a high transcription rate and lower
translation rate are desirable.

We thus developed a method to select, in a single step, dCas9 expression vectors with an
optimized RBS able to avoid the bad seed toxicity phenomenon while maintaining strong on-target
repression (Fig. 6). In E. coli, the yhhX gene encodes a putative oxidoreductase and is not an
essential gene. However, we previously reported that at high dCas9 concentrations, a guide targeting
vhhX on the template strand (T-yhhX) and carrying an ACCCA PAM-proximal sequence was highly
toxic in E. coli [27]. In fact, all guides sharing this ACCCA seed sequence, as well as all guides
sharing seed sequences from a set of ~100 such 5nt sequences, are toxic to E. coli when dCas9 is
highly expressed regardless of their actual target sequence. This toxicity phenomenon can be
alleviated by reducing the expression level of dCas9 while maintaining a sufficiently high dCas9



concentration to strongly block the expression of target genes. T0 easily fine-tune dCas9 expression
level, we screened RBS variants in E. coli strain FD1, a derivative of MG1655, which we modified
to carry the yhhX target sequence in front of a constitutively expressed mCherry reporter gene
integrated in the chromosome (see 4.1.2 and Fig. 6). This strain allows, in one step, the screening
of clones able to survive the expression of dCas9 in the presence of a bad seed sequence, while still
efficiently silencing the expression of mCherry.

4.1. Plasmids, bacterial strains and culture conditions.

Plasmids and bacterial strains are summarized in Table 1.

4.1.1. Plasmid pFDI119 (pLZ12Qdcas9:T-yhhX).

Plasmid pFD116 (pLZ12Qdcas9:sgRNA) was reprogrammed with the T-yhhX guide RNA
using oligonucleotides LC975/LC976 as described in Method section 2.4 to 2.8, giving plasmid
pFD119 (pLZ12Q dcas9:T-yhhX ACCCA) (Fig. 6.1). E. coli DH5a (New England Biolabs) was
used as host for the construction of plasmids based on pL.Z12 [40] and was grown in Luria-Bertani
(LB) broth or agar at 37°C. To prevent loss of plasmids derived from pLZ12, spectinomycin
(60 png/ml) was added to the medium.

4.1.2. Construction of the E. coli screening strain FDI.

Strain FD1 can be obtained from addgene (#125258). This strain was constructed through
integration of plasmid pFD145 at the phage lambda attB site (Tables 1 and 2 and Fig. 6.2). Plasmid
pFD145 is an integrative vector based on pOSIP-KL (KmR, #45984, Addgene) which carries the
yhhX target sequence followed by a mCherry reporter gene (Fig. 6.2). The yhhX target was
introduced on the non-template strand between a constitutive promoter and the mCherry reporter
gene through PCR amplification of plasmid pOSIP-KLOmCherry (pAV13) with primers F306/F299,
followed by Gibson assembly [27,58]. E. coli E4644 (TransforMax™ EC100D™ pir+, Lucigen)
was used as host for recombinant plasmids based on pOSIP-KL and was grown at 30°C in LB broth
or agar supplemented with kanamycin 50 pg/ml. Plasmid pFD145 containing the lambda integrase,
lambda attP site and a kanamycin-resistance (KmR) cassette was integrated at the lambda attB site
in the chromosome of E. coli MG1655. The integration was verified by PCR, and the backbone was
flipped out using the pE-FLP (AmpR, #45978, Addgene) plasmid able to recombine FRT sites
flanking the backbone as previously described [59]. pE-FLP was then cured through serial restreaks
on LB plates, leading to the strain FD1 (Fig. 6.2).

4.2. Construction of a RBS library and selection of optimal dCas9 expression levels in E. coli

4.2.1. Construction of the RBS library

Introducing random mutations in RBS sequences is a powerful method to obtain variants that
express a given protein at various levels [60]. These mutations can be introduced by PCR using
oligonucleotides with random or pseudo-random bases at certain positions. Such oligonucleotides
need to be designed specifically depending on the gene of interest and its 5’UTR sequence. Here, a
RBS library was generated on plasmid pFD119 by randomizing 9 positions in the sequence upstream
of the dcas9 start codon as follows GAATTCNGANGCATNNNNGNNNCAAAAATG. We
arbitrarily targeted positions in the 5’-UTR in GA-rich regions typical of RBS sequences. More
rational approaches can also be employed based on RBS strength prediction algorithms [61]. These
random bases were synthesized in primers F308 and F309 (Table 2), and were introduced on plasmid
pFD119 through two PCRs with primers F219/F308 and F217/F309 of the whole plasmid (Fig. 6.1),



followed by Gibson assembly. The resulting plasmids were introduced into competent FD1 cells by
heat shock at 42°C (Fig. 6.2), following standard protocols [52], and plated on LB agar
supplemented with 60 pg/ml spectinomycin and 0.5 pg/ml aTc to induce the expression of dCas9.

4.2.2. Selection of clones with non-toxic expression levels of dCas9 and good target repression

All clones that grow on the transformation plates are able to survive dCas9 expression in the

presence of a bad seed sequence (Fig. 6.3).

1. Take a picture of the plate with a fluorescence imager (mCherry excitation wavelength is 587 nm
and emission 610 nm). Select large colonies whose fluorescence intensity appears the lowest
(Fig. 6.3). These clones are able to grow well in the presence of the T-yhhX (ACCCA) guide
while still efficiently blocking the expression of mCherry. To evaluate these clones more
thoroughly, go through the following steps.

2. Resuspend clones in 50 pl PBS and perform serial dilutions from undiluted to 1077

3. Plate spots of 5 ul on LB agar in the absence or presence of aTc (Fig. 6.4) supplemented with
the plasmid selection antibiotic. On the same plate, spot dilutions of the control strain carrying
the empty vector. Incubate at 37°C overnight.

4. Compare colony size of the selected clones with the control on plates with or without inducer
(Fig. 6.4). The clones should grow as well in the presence of aTc as in the absence of aTc.

5. Take a picture with a fluorescence imager to select the clones that grow best in the presence of
aTc while showing a decreased level of mCherry expression (Fig. 6.4).

4.2.3. Measurement of repression efficiency with a spectrophotometer

Finally, to obtain a more quantitative measurement of growth and repression efficiency of
selected clones, measurements can be achieved in a spectrophotometer (Fig. 6.5). We used here an
Infinite M200 PRO reader (TECAN).

1. Grow the clones overnight in LB supplemented with antibiotics and aTc at 0.5 pg/ml at 37°C
with shaking.

2. Dilute 1:100 the overnight culture in 200ul LB supplemented with antibiotics and aTc at
0.5 pg/ml in a 96 well black polystyrene plate with clear flat bottom (e.g. Corning #3603).

3. Incubate at 37°C in the spectrophotometer with shaking during 12h.

4. For growth curves, absorbance was measured every 5 min at 600 nm.

5. mCherry fluorescence was measured every 5 min at 582 nm for excitation and at 615 nm for
emission for each clone with and without induction.

6. Select clones that grow best in the presence of aTc, while showing a decreased level of mCherry
expression.

4.2.4. Sequencing of RBS

1. Sequence the selected RBS by Sanger sequencing of the corresponding region.
2. Compare the results with the original RBS to see the modifications (Fig. 6.6).

5. Optimization of plasmid pFD116 to perform CRISPRIi experiments in E. coli



5.1. Results of the optimisation of the RBS library

A RBS library (Table 2) was cloned on plasmid pFD116 programmed with the T-yhhX guide RNA
as described above. Strain FD1 was transformed with this resulting library (Fig. 6). Among all the
clones that grew on the plates with aTc after transformation, eighteen clones were selected, for their
ability to survive dCas9 expression in the presence of a bad seed sequence, while still efficiently
blocking the expression of mCherry when guided by the T-yhhX sgRNA (Fig. 6.3). Serial dilutions
were performed directly from these clones and plated on LB in the absence or in the presence of
aTc and the mCherry expression was analyzed with an Azure Biosystem apparatus (Fig. 6.4). The
results show that after induction, only 10 out of 18 clones were able to grow as well as the control
strain while repressing mCherry (Fig. 6.5). These ten clones were sequenced to compare their RBS
with the strong RBS of pFD116 (Fig. 6.6). Altogether these results show that the dCas9 expression
level can be easily tuned to decrease the bad seed effect while maintaining good on-target repression
in a single step experiment. Note that only a single bad seed sequence was tested here. However,
we previously showed that reducing the expression level of dCas9 alleviates the toxicity of all bad
seeds in a similar manner [27].

5.2. Silencing the E. coli rpsL gene with optimized pFD116 vectors

After this screening process, we obtain optimized dcas9 vectors which contain the T-yhhX
guide RNA, and which cannot be easily reprogrammed with a different guide. To obtain a
reprogrammable plasmid, three of the selected RBS (clone number 4, 5 and 7, Fig. 6.6) were
introduced in plasmid pFD116 through PCR followed by Gibson assembly to generate plasmids
pFD152 (RBS-4), pFD153 (RBS-5) and pFD154 (RBS-7) (Table 1). Primers used are provided in
Table 2.

To validate the plasmids obtained, we programmed them to target rpsL. Guide RNAs targeting
the rpsL gene of S. aureus or E. coli were designed to bind the template strand or the coding strand
(Table 3). E. coli cells carrying these plasmids were grown overnight followed by serial dilutions
and plating in the absence or presence of aTc (Fig. 7). In the absence of aTc, none of the strains
showed a growth defect. In the presence of aTc, only the sgRNA targeting the rpsL gene of E. coli
on the coding strand showed a decreased plating efficiency, whereas all the other strains were able
to grow normally. The same results were obtained for all three optimized RBS tested. As expected,
guides programmed to target the S. aureus rpsL gene had no effect on E. coli (Fig. 7).

5.3 Performance of pFD116 and pFD152 as a function of aTc concentration

Finally, we evaluated the ability of pFD116 and pFD152 to block the expression of a target
mCherry gene without toxicity as a function of aTc concentration. To this end the mCherry reporter
gene was cloned on the plasmids allowing in future work to measure the performance of these
plasmids in various strains. A guide RNA was introduced in the resulting plasmids to target the
coding strand of mCherry and to block transcription elongation. In the absence of aTc, the plasmid
derived from pFD116, which was not optimized, led to a basal repression of the mCherry target of
16% without induction, while the plasmid derived from the optimized pFD152 led to a basal
repression level of 8%, likely due to a small leakage of dCas9 expression from the Ptet (Fig. 8).

Without RBS optimization (pFD116) a concentration of 0.025 pg/ml of aTc led to dCas9 levels
too low to see a strong repression of the target gene, while at 0.05 pg/ml of aTc, dCas9 levels are
already too high and toxic (Fig.8). This provides a very small range of concentration to work with,
especially considering the fact that aTc is not a very stable molecule and is light sensitive. In the



case of the optimized vector derived from pFD152, a strong repression of the target was obtained
from a concentration of 0.5 pg/ml to the maximal concentration tested of 2 pg/ml, with only mild
toxicity (reduction in colony size compared to the control) starting at 1.5 pg/ml (Fig.8). The
optimized pFD152 therefore provides more robust expression system than pFD116. We speculate
that when using pFD116 with low aTc concentrations, dCas9 is expressed from a small number of
transcripts but with a high translation initiation rate. This can lead to high fluctuations in the
expression level after transcription events. Noisy expression of dCas9 might be responsible for the
toxicity and low robustness observed [56,57]. Previous studies have also shown how synthetic gene
constructs with strong RBS tend to impose a larger burden on the cell, which could also explain the
best performance of pFD152 [62].

6. Concluding remarks

We provide simple yet powerful methods, to control gene expression in bacteria by using dCas9
to block transcription initiation or elongation. The vectors described here are easy to reprogram and
use in various contexts. The pC194 based vector pFD78 should work in many Firmicutes without
further modifications. Our novel pLZ12 vector works, in both S. aureus and E. coli, but with the
requirement to adapt the RBS to obtain suitable expression levels in each species for which we
provide methods here. This same vector should also be functional in a broad range of other bacterial
species, where it might be necessary to optimize dCas9 expression levels in a similar fashion. While
the CRISPRIi strategy has now already been employed in several bacterial species, this was done
through the tedious development of specific vectors by many groups independently. To address this
issue, Peters and colleagues, recently, developed "Mobile-CRISPRi" to provide a suite of CRISPRi
vectors that combines modularity, stable genomic integration, and ease of transfer to diverse bacteria
by conjugation [47]. Two systems were constructed: one for Gram negative bacteria based on the
Tn7 transposition system, and the other for Gram positive bacteria (B. subtilis, S. aureus, E. faecalis
and Listeria monocytogenes) using an integrative and conjugative element of Bacillus subtilis
(ICEBsI). We now extend the toolbox of CRISPRI tools that can be easily used in a wide range of
bacterial species, by providing plasmids that are functional in both gram positive and negative
bacteria. Note that the use of plasmids rather than integrative elements means that there is no
restriction to use only strains where the attachment site of the integrative element is present.
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Figure Legends

Fig. 1. Schematic representation of plasmids pFD77 (pC194Qcas9) and pFD78 (pC194Qdcas9).
(A) Map and construction process of the plasmids. The Pret promoter inducible by
anhydrotetracycline was amplified with primers F190/F139 from pKL55-iTet-RC12 [22]. The cas9
or dcas9 genes were amplified from pDB114 [22] for cas9 or from pDB182 (a dCas9 variant of
pDB114) for dcas9 using primers F141/B295. A 533-bp synthetic DNA fragment (gBlocks gene
fragment from IDT) containing a strong transcription terminator (BioBrick part BBa B0015), the
PpfIB promoter [55], and a sgRNA composed of a 5' variable region (guide) with two Bsal sites and
the constant region (scaffold), was amplified using primers LC547/F191. These three fragments
were assembled by Gibson method in pC194 amplified with primers F188/F189 (Table 2) to
generate plasmids pFD77 and pFD78. (B) Sequence of the synthetic DNA fragment.

Fig. 2. Schematic representation of plasmid pFD115 (pLZ12Qcas9) and pFD116 (pLZ12Qdcas9).
The DNA region containing cas9 or dcas9 gene under the control of Ptet promoter, the transcription
terminator and the sgRNA under the control of the constitutive promoter PpfIB was cloned on
pFD110, a variant of pLZ12spec with a RP4 origin of transfer (Tables 1 and 2). In a second step,
one of the two Bsal sites used to clone the guides was modified (see primers F236/F237, Table 2)
to be identical to the one of psgRNA [27] and enable the reuse of oligonucleotides.

Fig. 3. Target selection and guide RNA cloning. As an illustration, a target position is selected on the
non-template (coding) strand of the rpsL gene from S. aureus. NGG PAM sequences are highlighted
in red.

Fig. 4. Silencing vs. cleavage of rpsL with dCas9 or Cas9 in S. aureus RN4220. Cells were grown
overnight, followed by serial dilutions and plating on chloramphenicol 10 pg/ml (pC194) or on
spectinomycin 120 pg/ml (for pLZ12) with induction or not by aTc at the concentration indicated.
The effect of empty vector, a non targeting sgRNA control, and the rpsL sgRNAs targeting the
template strand (T-rpsL) or the coding strand (C-rpsL) in S. aureus RN4220/pC194 (A) or in
RN4220/pLZ12 (B) with dcas9 and in RN4220/pC194 (C) or in RN4220/pLZ12 (D) with cas9 is
presented without and with aTc. Two of the strongest specific bad seeds (ACCCA and AGGAA) in
E. coli cloned in pFD116 (pLZ12Qdcas9) were tested in S. aureus RN4220 (B). Representative
figures from experiments performed in triplicate.

Fig. 5. Silencing vs. cleavage of rpsL with (A) dCas9 or (B) Cas9 in S. aureus 8235-4. Effect of the
empty vector, a non targeting sgRNA control, the T-rpsL guide targeting the template strand or the
C-rpsL guide targeting the coding strand on plating efficiency in S. aureus 8235-4. Cells were grown
overnight, followed by serial dilutions and plating on spectinomycin 120 pg/ml with induction or
not by aTc at 0.5 pg/ml. Representative figures from three independent experiments.

Fig. 6. Method to fine tune the expression level of dCas9 to eliminate toxicity while maintaining
strong on-target repression.

Step 1. An RBS library was introduced by Gibson assembly in plasmid pFD119 carrying dcas9
inducible by Ptet and the T-yhhX guide RNA carrying a « bad seed » sequence (ACCCA) expressed
constitutively from PpfIB. Step 2. The resulting plasmid was transformed in strain FD1 harboring the
T-yhhX target sequence upstream from a mCherry reporter gene. Step 3. The transformation reaction
was plated on LB agar supplemented with spectinomycin 60 pg/ml and aTc 0.5 pg/ml. Clones
forming large colonies and showing a low fluorescence signal were selected. Step 4. To confirm the
phenotype of these clones, they were serialy diluted and spotted on LB + Spec 60 ug/ml + aTc



0.5 pg/ml, in parallel with cells carrying an empty vector control or plasmid pFD119. Clones forming
colony of normal size and which strongly repressed mCherry were selected for further analysis. Step
5. The clones were grown in triplicate overnight at 37°C in the presence of antibiotic (Spec 60 pg/ml)
and aTc 0.5 pg/ml, and fluorescence measured in a Infinite M200 PRO reader (TECAN) at 582 nm
for excitation and at 615 nm for emission. Fluorescence/OD values, normalized to the level of the
FDI control are reported as the mean values and the error bars reflect the standard deviation from the
mean. Step 6. Selected clones were sequenced from plasmid DNA to analyze the RBS region and
were compared to the original RBS that corresponds to the strong RBS of pFD119.

Fig. 7. Silencing of rpsL with the optimized vector pFD152 in E. coli. The plasmid carrying the
RBS number 4 from the selection process was reprogrammed with a guide RNA carrying Bsal sites
and called pFD152. This plasmid was then programmed with guides binding either the E. coli or
S. aureus rpsL gene on the coding (C-rpsL) or template (T-rpsL) strand. Cells were grown overnight
and serial dilutions were performed and plated on LB supplemented with spectinomycin 60 pg/ml
in the absence or presence of aTc at 0.5 ng/ml. The experiments were performed three times
independently.

Fig. 8. Repression of a reporter mCherry by pFD116 or pFD152 as a function of aTc concentration.
(A) The mCherry gene under the control of a constitutive promoter was inserted in plasmids pFD116
and pFD152 expressing dCas9 with a strong and an optimized RBS respectively, giving plasmids
pFD165 and pFD166 (Tables 1 and 2). These plasmids were then programmed to target the mCherry
gene with a guide RNA targeting the coding strand (Table 3), and introduced into E. coli MG1655.
Serial dilutions were performed from overnight cultures and plated on LB supplemented with
spectinomycin 60 pg/ml and in the presence of a range of aTc concentrations. (B) The intensity of
mCherry fluorescence from 10 clones was measured and plotted as a function of aTc concentration
for plasmid pFD152Qmcherry (pFD168), and normalized to the non-targting control (pFD166). The
error bars reflect the standard deviation from the mean.
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