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Abstract 
Genetic libraries of gene variants are frequently used in protein engineering or molecular evolution experiments. Expression libraries cloned in plasmids are relatively easy to prepare but have some limitations that could prove problematic, such as the need for antibiotic selection markers or the copy number variability. Thus, there is a need for efficient methods for the construction of chromosomal gene libraries with high diversities.  Here, we present two completely different methods for building gene libraries in the chromosome of Escherichia coli and Streptococcus thermophilus, which belong to the Gram-negative and Gram-positive bacterial clade, respectively.  The E. coli method is based on a combination of CRISPR-Cas9 cleavage and -Red recombination technologies, allowing generation of libraries containing up to million independent clones. The S. thermophilus method takes advantage of the high efficiency of natural transformation of specific strains, allowing to reach diversities up to the billion scale. Both methods can be developed so that no genomic scar or selection marker is left after chromosomal insertion of the library, a key feature when designing experiments that should mimic the natural context of a gene.   
Introduction  
Directed evolution is by now a foundational technology in enzyme and protein research, used to improve a wide array of characteristics such as stability, activity and selectivity. The award of the Nobel Prize in Chemistry to Frances H. Arnold, Sir Gregory P. Winter and Georges P. Smith in 2018 has confirmed this status. Directed evolution aims to sidestep the problem of predicting the relationship between the primary sequence of a peptide or protein and its function by harnessing the power of evolution through sequential rounds of diversity generation and artificial selection or screening (1).
Directed evolution campaigns are typically performed using libraries of genes carried on plasmids. Working with plasmid libraries has several advantages, notably the ease of DNA cloning, recovery and sequencing as well as the high expression level of protein, thus facilitating downward purification and characterization. These advantages are even stronger with plasmids featuring high copy number that can reach several hundred molecules per cell.  However, it also comes with some potential disadvantages. Maintaining plasmids requires the use of extra antibiotics in the culture medium. In addition, the plasmid carrying the library might be incompatible with other plasmids eventually required for screening or selection. On the other hand, at the protein level, although high expression may be advantageous from an experimental point of view, it is also known that highly expressed proteins evolve slowly due to associated fitness costs such as selection against misfolding (2–4). Because of the variation in copy number, the tight and tunable control of gene expression level is difficult to achieve with plasmids. It has been shown that having finely regulated expression system is important, which may otherwise skew the results of experiments, e.g. when doing genotype-phenotype mapping studies (5). Additionally, leaky promoter on high-copy plasmids can also be an impediment for the expression and laboratory evolution of cytotoxic proteins, cytotoxicity being obviously a matter of dose. The lower expression of a gene that is cloned in the bacterial genome also make some assays based on protein inhibition easier to carry out (6). For gene libraries in plasmids, the likelihood of entering different variants in the same cell is higher (7). Intracellular fitness competition can lead to the purge of some variants and thus introduce bias in the library. Finally, for evolution campaigns where the goal is to evolve an enzyme native to the host organism to simulate a natural evolutionary trajectory, cloning a library in a natural genomic environment and, if possible, without the need of antibiotic selection, is a better choice to mimic the native expression and regulations conditions.   
There is therefore an increasing interest in methods that can generate chromosomal gene libraries to provide tighter control and repression, easier maintenance of the gene, greater compatibility with plasmid-borne system and better mimicking of the natural context, even at the cost of a more intricate process of DNA manipulation (5).
Several recently published methods allow the diversification of genomic loci. The pEvolvR system recently published by Halperin et al. couples an error prone PolI polymerase mutant with a nickase variant of Cas9 to diversify a specific region of the genome in a continuous manner (8).  However, the target region is quite small (a short window up to 350 bp) and the method does not allow for the insertion of designed libraries. These methods also suffer from having a mutation rate that depends on the distance from the cutting site. The Multiplexed Automated Genomic Editing method invented by George Church allows efficient insertion and screening of libraries at different loci, but requires advanced and expensive equipment to overcome the low efficiency of recombination through continuous transformation with a library of synthetic DNA fragments (9). In this chapter, we will present two methods for the creation of scarless chromosomal libraries in bacteria. The first relies on the combination of CRISPR-Cas9 with the λ-Red recombineering systems for efficient library cloning into the chromosome of E. coli. The second relies on the highly efficient natural competence of some specific strains of S. thermophilus enabling easy manipulation of its genome.   
Materials
[bookmark: _Ref9858996]Common kits and reagents
The GoTaq® Flexi DNA Polymerase from Promega and the Q5® High-Fidelity DNA Polymerase from New England Biolabs were used in this chapter. Monarch PCR & DNA Cleanup Kit (New England Biolabs) was used for gel extraction and purification of PCR products. Midi and Maxi prep kits were used for plasmid purification. All other enzymes were purchased from Promega or New England Biolabs unless explicitly mentioned.
Gibson Master Mix: 100 mM Tris-HCl pH 7.5, 10 mM MgCl2, 0.2 mM of each four dNTPs, 1mM NAD+, 15% (w/v) PEG-8000, T5 exonuclease (2 U/mL), Phusion DNA polymerase (33 U/ mL), Taq DNA ligase (1666 U/mL) (10). 
[bookmark: _Ref8034691]Material for protocols with E. coli 
Growth Media
Lysogeny Broth (LB): 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl. When appropriate, we supplemented the growth media with kanamycin (50 mg/L), tetracycline (12.5 mg/L) or streptomycin (50 mg/L). 
SOC Medium: 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgSO4, 10 mM MgCl2, 20 mM glucose. 
Strains and plasmids
E. coli strain TOP10 was purchased from Invitrogen. pCas and pTargetF plasmids were ordered from Addgene (plasmids #62225 and #62226). The pTarget plasmid with a tetracycline resistance gene was created by amplifying the TetR cassette with primer pair J2 and the pTargetF plasmid with primer pair J1 and ligating both PCR products with the Gibson Master Mix (see section 2.1).
Electroporation
All transformations were performed using a Bio-Rad Gene Pulser Xcell™ electroporator together with 2 mm electroporation cuvettes.
[bookmark: _Ref8034714] Material for protocols with S. thermophilus 
Growth Media

S. thermophilus strain LMD-9 was purchased from ATCC (BAA-491). S. thermophilus cells were grown at 37°C in an anaerobic jar (BBL GasPak Systems; Becton Dickinson, Franklin Lakes, NJ) for solid media, and in Eppendorf (no shaking) for liquid culture in skimmed milk medium (SMM, Campina, Belgium), M17 medium (Difco) or chemically defined medium (CDM) as described in Letort & Julliard, 2001 (11). M17 and CDM were supplemented with 1% (w/v) lactose (M17L and CDML, respectively). Supplements were added to the different media at the following concentrations: chloramphenicol (5 mg/L), erythromycin (2.5 mg/L), 5-fluoroorotic acid (5-FOA) (500 mg/L) (Melford, UK). 5-FOA was diluted in DMSO at a concentration of 100 mg/mL. Chemicals were purchased from Sigma-Aldrich, unless otherwise specified (12, 13). 
The S. thermophilus genome sequence can be accessed from GenBank with accession no. 
CP000419 (LMD-9). The gene leuB (3-isopropylmalate dehydrogenase) is annotated as STER_1170 in the genome.
Natural transformation 
All transformations were performed in CDML or SMM, the later affording higher transformation rates. The synthetic XIP peptide (NH2-LPYFAGCL-COOH) was ordered at Peptide 2.0 (Chantilly, VA), resuspended at a concentration of 500 µM in 100% DMSO, and stored at -20°C in 20 µL aliquots.
[bookmark: _Ref8042695] List of oligonucleotides
All primers were purchased from Eurogentec (Seraing, Belgium) and are listed in Table 1. The sequences in bold and black are the 3’-end which hybridize to the target, while the red sequences are the 5’ overhang regions necessary for fragment assembly. The sequence in italic and blue for primer A fw is the N20-rha complementary to the rhaA locus of the E. coli genome (see section 3.1.2). Annealing temperatures (Ta) were predicted taking only the hybridizing sequences of the primers using the online tool available at http://tmcalculator.neb.com/.
Methods
[bookmark: _Ref8055965]Libraries in E. coli using CRISPR-Cas9 and λ-Red technologies
Principle
Since its first reported use for genomic editing in 2013, CRISPR-Cas9 has established itself as the prime technology for lab-scale genome editing (14, 15). In bacteria, CRISPR-Cas9 can be coupled with the λ-Red recombination system to efficiently introduce foreign DNA fragments in the chromosome (16–18). When used independently, the λ-Red system usually has relatively low efficiency, necessitating the additional use of a selection marker to select for positive colonies. By using CRISPR-Cas9 to cleave the target chromosomal site, insertion of the foreign DNA through λ-Red-mediated homologous recombination is the only way for the bacteria to repair the double strand break and to survive. Therefore, we avoid the need to transform a selection marker along with our gene of interest (19). For our libraries, we adopted the genome modification protocol from Jiang et al. (2015), which uses a two-plasmid system: pCas, encoding the λ-Red recombination system under the arabinose-inducible ParaBAD promoter as well as Cas9 under its constitutive promoter, and pTarget which encodes the sgRNA targeting the genome (Figure 1) (17). In addition, pCas includes a kanamycin resistance marker and a sgRNA that targets the pTarget plasmid under the IPTG-inducible Ptrc promoter affording the curing of the plasmid after genome modification. pCas itself has the temperature-sensitive replication origin repA101(Ts) for self-curing. 
The library building relies on several steps (Figure 2). First, the chromosomal locus of interest is determined and a Cas9 cutting site is chosen. A sequence encoding the chosen sgRNA is introduced in the pTarget. If the library is to be cloned into pTarget (see below), two homology regions (minimum 500 bp each) corresponding to the sequence on each side of the chosen cutting site and required for the λ-Red recombination are also cloned into pTarget. The activity of the sgRNA can then be tested by a toxicity assay in E. coli (see section 3.1.3). In parallel, a DNA library (Lib) is created by any classical technique (error-prone PCR, incorporation of degenerate oligonucleotides, DNA shuffling…) and flanked by two homology regions (U and D for up and down) for chromosomal integration. For creating small size libraries (103-104 transformants), a linear DNA library U-Lib-D can be used directly for co-transformation with pTarget. For larger libraries (105-106 transformants), the library must be integrated into the pTarget plasmid, in between the previously added U and D homology arms. Once all parts are assembled, the actual genome modification can take place. Cells containing the pCas plasmid are grown and the expression of the λ-Red recombination enzymes is induced by adding arabinose. The cells are then made competent and co-transformed with the linear DNA library and pTarget plasmid or transformed with the library inserted into pTarget. Cas9 is activated by the sgRNA encoded on pTarget and generates the site-specific double-stranded break. Homologous recombination with U-Lib-D DNA is facilitated by -Red system while cells that failed to recombine cannot survive.
Following verification of a correct insertion, cells can be grown on IPTG to induce the expression of a pCas-borne sgRNA targeting the pTarget plasmid, resulting in its curing. Finally, growing the cells at 37°C will remove the pCas plasmid due to its temperature-sensitive origin of replication. The loss of antibiotic resistance can be checked after curing.
As an example, the following protocols are described for a library of pbpA genes (894 bp, encoding a periplasmic penicillin binding protein) created by error prone PCR and inserted into the rhamnose operon of E. coli in such a way that the pbpA gene is inserted at the second position of the polycistronic operon, with its ATG at the same position as that of the wt rhaA gene (Figure 3).  The pbpA gene comprises a sequence encoding the amino-terminal export signal (SS) of the DsbA protein for periplasmic localization and a sequence encoding a carboxy-terminal 6xHis tag for downstream purification. These external sequences are not targeted by the error prone PCR. 
[bookmark: _Ref9859413]Selection of sgRNAs and cloning into pTarget
The Cas9 nuclease requires a guide RNA (sgRNA) that comprises a sequence recognized by Cas9 and a 20-nucleotide sequence (N20) complementary to a region of the genome next to a protospacer-adjacent motif (PAM) featuring a NGG sequence. The Cas9 endonuclease cuts three base pairs upstream of the PAM sequence. The choice of an N20 is of paramount importance to the library creation process as the efficiency of the Cas9 nuclease depends on the sgRNA (20). Several algorithms have been developed to help scientists select a suitable N20 site. Many of them are available online as user-friendly interfaces. We used the Design CRISPR Guides tool on the Benchling platform (http://www.benchling.com), which calculates on- and off-target scores based on algorithms developed by Doench, Fusi et al. 2016 and Hsu et al. 2013 respectively (20, 21). The first 200-300 bp of the rhaA gene of E. coli were selected as input to find the highest-scoring N20. Scores above 60 and 50 are considered to correspond to appropriate guides for on-target and off-target effects respectively. 
After selection of an appropriate N20, it is introduced into the pTarget vector by amplifying the whole plasmid with a long primer containing a floating tail with the N20 and a shorter reverse primer complementary to the end of the floating tail. After amplification, 100 ng of purified PCR product (linear plasmid) can be self-ligated by adding 15 µL of Gibson Master Mix, 10 U of DpnI and ddH2O to 20 µL. After incubation for 1 hour at 50 C, 1 µL of the Gibson reaction product can be electroporated in E. coli TOP10 cells (10). In the example used in this chapter, the primers used to insert the N20-rhaA (GCCTGTGGCCTGAATCCCCC), targeting the rhaA locus, are found in the primer table as primer pair A.  
[bookmark: _Ref9859968]pTarget validation
To validate the sgRNA, E. coli TOP10 cells containing the pCas plasmid are transformed either with the modified pTarget or with a pTarget expressing a sgRNA that does not target the E. coli chromosome and the ratio of transformants is determined. Since double strand breaks are lethal to E. coli, a plasmid encoding an adequate sgRNA should not be able to transform E. coli that produce Cas9. We use a pTarget_ALR plasmid (N20 : GCTGTCTCTAAACTTAGGGC) as negative control. 
1. Start a preculture of E. coli TOP10 containing pCas in 5 mL of LB-kanamycin and incubate it O/N at 30 C.
2. Inoculate 10 mL of LB-kanamycin with 100 µL of pre-culture. Grow at 30°C until an OD600 of 0.4-0.6 is reached.
3. Centrifuge down the cells for 7 minutes at 3,000 × g. Discard the supernatant and resuspend the cells in 5 mL of cold ddH2O. 
4. Repeat step 3.
5. Centrifuge the cells for 7 minutes at 3,000 × g. Resuspend the cells in 1 mL of cold ddH2O. Transfer to a microcentrifuge tube. 
6. Centrifuge the cells in a benchtop centrifuge at 10,000 × g for 10 seconds. Discard the supernatant and resuspend the cells in 100 µL of cold ddH2O. 
7. To 50 µL of the competent cells, add 20 ng of either the pTarget to be tested or pTarget_ALR. Transfer to a 2 mm electroporation cuvette.
8. Electroporate the cells at 2.5 kV. Resuspend the cells in 950 µL of SOC medium. Allow the cells to recover at 30 C for 45 minutes. 
9. Plate 10 and 100 µL of each transformation on LB-Kan-Tet plates and incubate overnight at 30 C.
10. Compare the colony count on both plates. If we see a thousand-fold difference in the colony count on both plates, it is considered as adequate.
Donor DNA cassette design
In order to favor recombination, relatively long homology regions of 500 bp are used.  In order to avoid the presence of a promoter in the donor DNA cassette (see Note 1), we inserted the library in the second gene (rhaA) of the rhamnose operon through recombination. The upstream homology arm (U) was design by taking the 500 bp immediately upstream of the rhaA start codon. The downstream homology arm (D) was designed by taking 500 bp downstream of the selected N20. The homology regions must be as close as possible from the Cas9 cutting site. Because of library design constraints, in our example (Figure 3), U and D regions are 165 bp upstream and downstream the N20 sequence. This design allowed the building of a million clones library. Higher diversities may be reached by reducing these distances whenever possible. 
Library construction 
As an example, an error-prone library (Lib) is constructed by running an ep-PCR (protocol in section 3.3) using primer pair F and the pbpA gene as template. Both primers used in ep-PCR should harbor homologous sequences to the U and D arms to allow the subsequent assembly of the ep-library into the donor DNA cassette. 
Linear cassette assembly to generate small libraries
The homologous arms, U and D, are produced by Q5-mediated PCR from the genome with primer pair B1 for the U arm and pair D1 for the D arm. Since the signal sequence is not included in the library, it must be assembled with the U fragment. An SS-pbpA fragment is prepared by PCR using primer pair C and further fused with U by Gibson assembly (see Note 2). Then, this assembled fragment of U-SS-pbpA is used as the template to amplify U-SS without pbpA by the help of primer B1 forward and G reverse. DNA fragments of U-SS and D are harboring overhangs complementary to the extremities of the library. 
Following purification of the DNA, the library and the two homologous arms should be assembled in a way to minimize the introduction of bias in the donor DNA library. Two different methods described below can be used that give similar results.
1.1.1.1. Primerless overlap extension PCR (OE-PCR):
In primer-less overlap extension PCR, the internal overlapping sequence of U-SS, D and Lib fragments are used as primers until full U-Lib-D fragments are assembled. 
A Q5-mediated PCR is performed in a volume of 25 µL in the absence of primers using 500 fmol of each fragment as template. In our experience, 15 cycles of extension are enough to fully assemble the cassette.  The U-Lib-D fragment should be detectable on an agarose gel, ensuring that a large number of individual molecules have been assembled.
In order to obtain high concentrations of linear donor DNA needed for transformation, the U-Lib-D products of the OE-PCR reaction are amplified in a standard Q5-mediated PCR using external primers (forward primer from pair B1 and reverse from pair D1). The expected band is purified from agarose gel using the Monarch Gel Extraction Kit or an equivalent kit prior to transformation.
1.1.1.2. Gibson assembly
Instead of the OE-PCR, the U-Lib-D can be assembled by mixing 15 µL of Gibson Master Mix (see Note 2) with 500 fmol of each of the fragments, 0.5 µL of DpnI and ddH2O to 20 µL. The DNA is then incubated for 1 hour at 50°C. The U-Lib-D fragment should be detectable on agarose gel before further amplifying it by PCR as described in the previous section. 
Cassette assembly in pTarget to generate large libraries
Integrating the donor cassette into the pTarget plasmid gave us more efficient genome integration, leading to a 10- to 100-fold increase in library size compared to the linear donor DNA method. However, this is at the cost of a more laborious cassette construction process. In order to clone the donor DNA into the plasmid, the homologous arms (U and D) are amplified using primer pairs B2 and D2, which includes flanking regions homologous to pTarget for Gibson assembly. 
1. Amplify the pTarget-N20 backbone using primer pair E. Purify it using the Monarch PCR & DNA Cleanup kit or equivalent.
2. Mix equimolar amounts (500 fmol) of the U, SS-pbpA (PCR product of primer pair C) and D fragments together with plasmid backbone in 15 µL of Gibson Master Mix (see Note 2), 0.5 µL of DpnI and ddH2O to 20 µL, and incubate 1 hour at 50°C.
3.  Transform 1 µL of the assembly mix into E. coli TOP10 competent cells. 
4. Extract the plasmid harboring the donor DNA cassette (pTarget-N20-U-SS-pbpA-D) by plasmid miniprep. 
5. Amplify the plasmid/cassette template obtained in step 4 with primer pair G to amplify the plasmid backbone without pbpA in order to assemble it with the library between U-SS and D.
6. Mix equimolar amounts (500 fmol) of the Lib fragment and plasmid backbone with 15 µL of Gibson Master Mix, 0.5 µL of DpnI and ddH2O to 20 µL, and incubate 1 hour at 50 C. 
7. Clean the Gibson product using the Monarch PCR & DNA Cleanup kit or equivalent. Elute the DNA in 7 µl of ddH2O and use 4 µL of the DNA mix for electroporating E. coli TOP10 competent cells. 
8. Verify random colonies by colony PCR for the insertion of U-Lib-D into pTarget using primer pair. The size of the library is estimated by calculating the number of transformants obtained at step 7, and the expected library size is achieved by scaling up.
9.  Scrape all colonies from plates with LB medium using a spreader. 
10. Pool the bacteria and extract the plasmid library using a QIAGEN Plasmid Maxi Kit or equivalent maxi prep kit to obtain the maximum amounts of plasmids for the genome modification step.
Preparation of E. coli TOP10 electro-competent cells harboring pCas
1. Plate E. coli cells harboring pCas on LB agar containing kanamycin (50 mg/L) and incubate O/N at 30°C (see Note 3).
2. Among the grown colonies, pick a small one (this is very important, see Note 4) and inoculate in 10 mL of LB containing 50 mg/L of kanamycin (LB-Kan) in a 15 mL centrifuge tube and incubate overnight at 30 C without agitation (see Note 5).   
3. Start a culture by inoculating 40 mL of LB-Kan with 400 µL of pre-culture. Incubate in a 500 mL flask at 30°C and 180 rpm until an OD600 between 0.4 and 0.6 is reached.
4. Add arabinose (10 mM final concentration) to the culture to induce the λ-Red recombination proteins. Incubate for 15 minutes at 30°C and 180 rpm. 
5. Chill the culture in a water-ice bath for 30 min. 
6. Transfer the culture to a pre-chilled 50 mL centrifuge tube and centrifuge at 4,600 × g and 4 C for 7 minutes.
7. Add 30 mL of ice-cold ddH2O to the pellet. Swirl gently to resuspend the cells. 
8. Centrifuge again at 4,600 × g and 4 C for 7 minutes.
9.  Resuspend the pellet in 1 mL of chilled ddH2O. Transfer it using a 1,000 µL sterile tip to a pre-chilled sterile 1.5 mL microcentrifuge tube. 
10. Centrifuge down at 10,000 × g and 4 C for 4 seconds in a benchtop centrifuge.
11. Carefully pipette out the supernatant and repeat this step once more. 
12. Resuspend cells in 200 µL of chilled ddH2O. Keep on ice until transformation.
Transformation
1. Add either 100 ng of pTarget-N20-U-Lib-D or 100 ng of pTarget-N20 and 400 ng of linear donor U-Lib-D cassette to 50 µL of competent cells. 
2. Electroporate the cells in a 2 mm cuvette and recover them in 950 µL of SOC medium. 
3. Incubate them for 45 minutes at 30°C before plating all the cells on LB-Kan-Tet plates. Incubate overnight at 30 C. 
4. Library size is estimated by counting the number of individual transformants. 

Verification of genome modification
Random colonies are verified by colony PCR using primers outside the recombination arms (primer pair H). The validation of positive clones as well as their mutation rate (~ 4-6 mutation/gene in our case) is checked by sequencing of the colony PCR product using internal primer pair I. Library size is corrected if a fraction of clones does not contain the gene of interest. If the library size is not sufficient, the whole process should be repeated, upscaling the reaction as needed. 
Plasmid curing
In order to cure pTarget, the colonies harboring our library are scraped from the plates with LB medium using a spreader and 0.1 mL is inoculated into 10 mL of LB medium supplemented with 50 mg/L of kanamycin and 0.5 mM IPTG. After incubation at 30°C overnight, 0.1 mL of the culture is diluted in 10 mL of LB supplemented with 50 mg/L of streptomycin (see Note 6) and incubated at 37 C overnight to cure the pCas plasmid. The curing is confirmed by the inability of cells to grow on LB-tetracyclin (12.5 mg/L) or LB-kanamycin (50 mg/L). 
[bookmark: _Ref8055985]Libraries in S. thermophilus using natural competence 
Principle
Natural transformation is the capability of several species of bacteria to achieve a transient competent state in which they are able to take up exogenous DNA inside the cells. This DNA can be used by the cells to fulfill nutritional requirements for deoxyribonucleotides, or depending on the sequence similarity to the chromosome, it can be integrated into the chromosome by homologous recombination (22). S. thermophilus is one of the species in which natural transformation has been well described (23). The bacterium is not pathogenic (GRAS status, Generally Recognized As Safe). Some strains featuring very high transformation efficiencies have been reported and, combined with a highly efficient intrinsic recombinogenic activity, those strains are interesting candidates for the creation of massive chromosomal libraries (24). In our hands, the method described herein has been successfully used for transforming up to 50% of the whole bacterial population, indicating that libraries containing up to ten billion individual transformants can be easily built.  
In S. thermophilus, under exponential growth conditions, the expression of comS is triggered, leading to the production of the precursor (ComS) of the peptide pheromone. Then, ComS is exported and matured extracellularly by a protease cleavage to produce mature ComS, also called XIP (comX Inducing Peptide). Above a certain concentration threshold, extracellular XIP initiates peptide (re-)importation by the Ami/Opp transporter into the cytoplasm. Intracellularly, it interacts with the transcriptional activator ComR, forming a dimeric ComR-XIP complex that binds to the ComR box located in the promoter of comS and comX genes to promote their transcription, and thus inducing a positive feedback loop through the induction of comS (see Figure 4). Eventually, ComX induces transcription of late competence genes necessary for transcription of genes involved in DNA uptake and processing (13, 23, 25, 26). Competence can be artificially induced by adding a synthetic XIP peptide (ComS17-24 LPYFAGCL) to the growth medium (23, 24). 
Naturally competent bacteria offer a powerful approach to directly manipulate the chromosome of bacteria. Typical methods to modify the genome involve creating bicistronic cassettes including antibiotic resistance gene in addition to the gene of interest. However, this can be complicated when multiple mutations have to be introduced at different genomic loci, increasing the number of resistance gene required (27). An elegant scarless strategy to circumvent the problem is based on the replacement of a negative selection marker by the gene or the library of interest. 
Our method was developed with the orotate transporter (oroP)-based selection/counter selection marker, as described previously (28, 29). The presence of the oroP gene confers the ability to utilize orotate as the sole pyrimidine source in a pyrimidine auxotrophic strain, therefore acting as a positive selection marker. Uracil auxotrophic mutants could be selected by the method described previously (30). Additionally, the presence of oroP results in sensitivity to 5-FOA. In our method, we only utilized this property by selecting for 5-FOA resistance as a consequence of oroP replacement by the library insertion. Before library construction, S. thermophilus is therefore modified by inserting a bicistronic cassette carrying oroP and the cat gene in the target locus. The cat gene encodes chloramphenicol acetyl transferase, it is expressed from the P32 constitutive promoter and confers resistance to chloramphenicol (CmR) while oroP is expressed under a synthetic promoter as described previously (28). Another system for negative selection is based on the rpsL gene (27). In our experience however, the rpsL system generates a high frequency of false-positive transformants.
As an example, the following protocols are described for building a library of leuB genes (1038 bp) created by error-prone PCR and inserted into the tRNASer locus of S. thermophilus. To achieve this, a recipient strain containing a cat-oroP cassette inserted at the target locus is built. In a second step, the cassette is replaced by the library of genes using the counter selection principle.
Assembling the U-cat-oroP-D cassette
A cassette comprising cat and oroP genes under constitutive promoter control and flanked by 1.5-kb DNA fragments corresponding to the upstream (U) and downstream (D) regions of the tRNASer locus is assembled (see Note 7). All primers used in this section can be found in Table 1 and were designed with 40 nucleotides overlapping sequences.
1. Primer pairs K1 and K2 were used to amplify the U and D fragments from S. thermophilus genomic DNA as template, respectively (see Note 8).
2. Primer pairs K3 was used to amplify the cat fragment from the strain described in (25).
3. Primer pair K4 was used to amplify the oroP fragment from plasmid pCS1966 described in (28).
4. Clean-up the fragments by using the Monarch PCR & DNA Cleanup kit or equivalent.
5. Mix the four purified DNA fragments to get equimolar (1 pmol) concentration, add ddH2O to 5 µL (see Note 9).
6. Incubate with 15µL of the Gibson Master Mix (see Note 10) for 1 hour at 50°C.
7. Verify the presence of the expected band of full-length cassette on agarose gel.
8. Clean-up the product using column purification. Elute in ~10 µL of ddH20 or elution buffer.
[bookmark: _Ref8064773]Chromosomal insertion of U-cat-oroP-D cassette at the tRNASer locus (Adapted from (25))
Day 0
1. Start a preculture of S. thermophilus LMD9 in 1ml of CDML (see Note 11) at 37C without agitation.                     
Day 1
1. Dilute the culture in 1 ml of skimmed milk medium (SMM) to an OD600 of 0.05 (typically 50 µL in 1 mL milk) and incubate 75 min at 37C without agitation (see Note 12).
2. Thaw XIP peptide (500 µM stock) and add 2 µl to the culture (1 µM final).
3. Mix 300 µL of cells in a 1.5 mL microcentrifuge tube with the purified assembled donor DNA cassette (10 µL) from 3.2.2. Take 300 µL in another microcentrifuge tube as control (without donor DNA).
4. Incubate both tubes at 37C for 3 hours without agitation.
5. Spread 100 µL of cells on M17L + chloramphenicol plates.
6. Incubate the plates O/N at 37C in an anaerobic jar.
Day 2
1. Pick several clones and re-streak them on M17L + chloramphenicol to prevent that non-resistant cells propagate in association with resistant cells (streptococci can form chains). (see Note 13)
2. Incubate the plate overnight at 37C in an anaerobic jar.
Day 3
1. Pick an isolated colony of each clone, perform colony PCR (see section 3.3 for detailed protocol) to verify presence of insert and cultivate one clone to store it as a glycerol stock (Day 4).

[bookmark: _Ref8060820]Assembling the U-lib-D cassette 
A cassette comprising a library of leuB genes under its constitutive promoter and flanked by 1.5-kb DNA fragments corresponding to the upstream (U) and downstream (D) regions of the tRNASer locus is assembled. All primers used in this section are in Table 1 and were designed with 40 nucleotides overlapping sequences.
1. Primer pairs K5 and K6 were used to amplify the U and D fragments, respectively.
2. Primer pair K7 was used to perform an error-prone PCR on the leuB gene as described in section 3.3. The product is called lib.
3. [bookmark: _Ref8060799]Clean up the PCR products with using the Monarch PCR & DNA Cleanup kit or equivalent.
4. Mix the three purified DNA fragments to get equimolar (1 pmol) concentration, add ddH2O to 5 µL (see Note 9).
5. Add 15 µL of Gibson Assembly Master Mix and ddH2O to 20 µL. Incubate for 1 hour at 50°C.
6. Verify the presence of the expected band of full-length cassette on agarose gel.
7. Clean-up the product using the Monarch PCR & DNA Cleanup kit or equivalent. Elute in 6 µL of ddH20 or elution buffer.
8. In order to obtain large variant libraries, it is necessary to prepare large amounts of linear donor DNA. To do so, the product of Gibson assembly is further amplified by a Q5-mediated PCR using primer pair K7 (see Note 14). 
Chromosomal insertion of U-lib-D library at the tRNASer locus (Figure 5).
Day 0.
1. Start a preculture of the strain tRNASer::cat-oroP obtained in section 3.2.3 in 1ml of CDML supplemented with chloramphenicol (5 mg/L).
Day 1
1. Dilute the culture in 1ml of milk to an OD600 of 0.05 and incubate 75 min at 37°C without agitation. (see Note 12)
2. Thaw the XIP peptide (500 µM stock) and add 2µl to the culture (1 µM final).
3. In a 1.5 mL microcentrifuge tube, mix 300 µL of cells with ~400ng (typically higher concentrations lead to higher number of transformants) of the assembled U-lib-D fragment. Take 300 µL in another microcentrifuge tube as control (without donor DNA).
4. Incubate both tubes at 37C for 3 hours without agitation.
5. Spread the cells on M17L + 5-FOA (500 mg/L) plates.
6. Incubate the plates overnight at 37C in an anaerobic jar.
Day 2
1. Add 2 mL of CDML and scrape off the cells using a spreader.
2. Store the library with 30% glycerol at -80C for further analysis.
[bookmark: _Ref8056042][bookmark: _Ref8129819]PCR protocols
These three protocols are used in this chapter. 
Q5 PCR: 10 μL of 5 x Q5 Reaction Buffer, 0.7 μL of 20 mM dNTPs, 2.5 μL of 10 μM Forward and reverse primers, less than 100 ng of template DNA, 1 U Q5 High-Fidelity DNA Polymerase (NEB) and nuclease free H2O up to 50 μL.
PCR thermocycler conditions: initial denaturation at 98C for 30 seconds; 25-30 cycles containing: denaturation at 98C for 20 seconds; annealing at temperature calculated for each pair of primers on https://tmcalculator.neb.com/#!/main for 30 s; 20–30 seconds/kb extension at 72C; a final extension for 5 minute at 72C and hold at 4C.
Error-prone PCR (ep-PCR) using GeneMorph II Random Mutagenesis Kit: 5 μl of 10× Mutazyme II reaction buffer, 1 μl of 40 mM dNTP mix (provided in kit), 0.5 μl of primer mix (250 ng/μl of each primer), 2.5 U of Mutazyme II DNA polymerase, 100 ng of template DNA (see Note 15), and nuclease free H2O up to 50 μL.
PCR thermocycler conditions: initial denaturation at 95C for 2 minutes; 20-25 cycles (depending on desired mutation rate, see Note 15): denaturation at 95C for 30 seconds; annealing 30 seconds at T = Tm – 5C (Tm calculated for each pair of primers on https://tmcalculator.neb.com/#!/main); extension 1 minute (≤1-kb targets) or 1 minute/kb (>1-kb targets) at 72C; a final extension for 10 minutes at 72C and hold at 4C.
Optimization of mutation rate: To generate low mutation rate (between 0 and 5 mutation/kb), instructions of the GeneMorph II Random Mutagenesis kit are followed according to manufacturer. According to the kit's protocols, mutation rates can be lowered by using higher template DNA amounts and by decreasing the number of cycles of ep-PCR reaction. Therefore, for a 1kb fragment, an initial target amount of 100 ng is required for a run with 15-20 cycles of PCR, generating a low mutation rate between 0 and 5 mutation/kb.
Colony PCR: 5 μL of 5 × GoTaq Flexi Buffer, 4 μL of 25 mM MgCl2, 0.7 μL of 20 mM dNTPs, 1.5 μL of 10 μM Forward and reverse primers, 1.25 U GoTaq DNA Polymerase (Promega) and nuclease free H2O up to 50 μL. Use a toothpick to stab a single colony and rub it inside the PCR tube to detach some cells as template.
PCR thermocycler conditions: initial denaturation at 95°C for 4 minutes (see Note 16); 25 cycles: denaturation at 95°C for 30 seconds; annealing at Ta (calculated for each pair of primers on https://tmcalculator.neb.com/#!/main) for 30 seconds; 1 minute/kb extension at 72°C; a final extension for 7 minutes at 72°C and hold at 4°C.
[bookmark: _Ref8116030]Notes
1. [bookmark: _Ref9860518]The expression of a toxic protein from the donor DNA cassette prior to homologous recombination could prevent insertion or generate biases in the library. To minimize this bias, a strategy is to avoid putting promoter sequence in the donor DNA. However, the recombination requires that the cassette includes the region immediately upstream of the library, where the promoter is typically located. A solution is to insert our gene of interest in a locus with a known expression pattern, but far enough from the promoter so a to have room for the upstream homology arm between the promoter and the gene. For example, the library can be inserted as the second gene in a polycistronic operon controlled by a single promoter with an upstream homology arm corresponding to the first wild-type gene of the operon. In this chapter, the example in E. coli is the cloning of a pbpA library in the rhamnose operon controlled by the Prha promoter (Figure 3). It is also important to avoid the use of the Plac and ParaBAD promoters for the library since these promoters are already used in the CRISPR-Cas9/-Red system.
2. [bookmark: _Ref9866083]We tried commercial Gibson Mix such as the NEBuilder® HiFi DNA Assembly Master Mix from New England Biolabs, but observed an efficiency similar to our own Gibson Master Mix (10). Given the much lower cost of our Gibson mix per transformation, we usually use it. 
3. Since pCas has a thermosensitive replication origin, it is important to grow cells containing pCas at 30C instead of 37C.
4. [bookmark: _Ref8121629][bookmark: _Ref9861914][bookmark: _Ref8116189]Colonies of E. coli harboring pCas are heterogeneous in size. This is due to a slight toxicity of Cas9 endonuclease. It is therefore very important to start experiments with a small colony since the large ones do not express active Cas9.
5. [bookmark: _Ref9865841]Starting the pre-culture of E. coli in 10 mL of LB medium in a non-shaking 15 mL centrifuge tubes leads to a shorter lag phase when the culture is inoculated the following day. Hypothesis is that the low oxygen availability reduces cell death (31).
6. [bookmark: _Ref7709331]In order to prevent possible contamination, streptomycin is used after the curing steps since E. coli TOP10 cells harbors a chromosomal resistance gene.
7. Expression levels of genes inserted in different chromosomal loci vary significantly. Care should be taken when choosing an insertion site in the chromosome. Known neutral loci such as that of tRNASer are recommended.
8. [bookmark: _Ref8115231]The length of the homology arms is important for the efficiency of transformation in S. thermophilus. We have found that a minimum length of 800 bp for each of the flanking homologous arm is required. Transformation efficiency improves until 1500 bp where efficiency reaches a plateau.
9. [bookmark: _Ref8061042]The NEB Biocalculator (https://nebiocalculator.neb.com/) is a handy tool to calculate several parameters of DNA oligonucleotides and fragments such as molarity, molecular weights, etc...
10. [bookmark: _Ref8115272]Alternatively, overlap extension PCR (OE-PCR) can be used to assemble DNA fragments with sufficient homology (< 20 nucleotides). The protocol for OE-PCR is already discussed in Shevchuk et al., 2004. (32). The added benefit of using Gibson assembly is that multiple fragments can be assembled in a single step with high efficiency.
11. [bookmark: _Ref8058040][bookmark: _Ref9618328]Since S. thermophilus is an obligate anaerobe, it is advantageous to minimize the air volume in the culture tube. Typically, we use a minimum 1mL of media + inoculum into a 1.5 mL microcentrifuge tube. Cells are typically grown at 37°C without agitation.
12. All transformations were performed in milk. Typically, we have observed transformation efficiencies one order of magnitude higher in milk compared to transformations in chemically defined medium (CDM).
13. [bookmark: _Ref8115833]S. thermophilus grows in pairs or chains of cells, so an additional re-streaking step on the same selection medium is necessary to obtain genetically monoclonal cells after transformation. 
14. [bookmark: _Ref11251700]When amplifying a library by PCR, it is important to analyze the PCR reaction every 2 or 3 cycles so that the minimal number of cycles that are necessary for obtaining a maximal PCR yield can be estimated. This can be used to estimate the number of DNA molecules that have been amplified. This number must be at least 100-fold higher than the expected final diversity of the library. Avoid any unnecessary PCR cycles that does not improve the yield since this can generate biases in the library.
15. The mutation rate can be controlled by adjusting the number of epPCR cycles and the amount of initial template. 100 ng template and 20-25 cycles afford a low mutation frequency (between 0 and 5 mutations/kb). See also the user manual for the “Random Mutagenesis Kit” from Agilent.
16. [bookmark: _Ref11251629]Gram-positive bacteria such as S. thermophilus have a thick cell-wall peptidoglycan. For best results, when performing a colony PCR on S. thermophilus cells, make the initial denaturation step (at 98°C or 95°C) 5 minutes long.
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Figure Captions
Figure 1: The pCas and pTarget plasmids (adapted from (17)). 
Figure 2: Strategy for the generation of gene libraries in the chromosome of E.coli. A. A suitable non-essential locus is chosen. Within that locus, a Cas9 site (PAM + N20) is selected with the help of scoring algorithms, and 500 bp homology arms (U and D) as close as possible to the Cas9 site (less than 200 bp is recommended). An example is detailed in Figure 3. The pCas plasmid is introduced into the strain. B. For reaching high diversities (105-106 individual transformants), the library is cloned into the pTarget, flanked by the U and D homology arms, together with the sequence encoding the sgRNA. The plasmid library is then introduced into the pCas containing strain, triggering chromosome cleavage. Homologous recombination, facilitated by the -Red proteins, is the only way to survive. C. If high diversity is not required (103-104 individual transformants), a co-transformation with the sgRNA encoding pTarget and the U- and D-flanked library as a linear DNA fragment is a simpler protocol. D. After transformation, the pTarget_N20 is inducing (IPTG) the expression of an anti-pTarget sgRNA encoded into the pCas, and the thermosensitive pCas itself is subsequently cured by growing the library at 37C. 
Figure 3: Example of library design in E. coli. A. The chosen locus is the rhamnose operon and the objective is to introduce a library of pbpA genes exactly at the position of the second gene (rhaA). B. Detailed positions of N20, Cas9 cut site and up and down homology regions (U and D). Depending on position of the appropriate N20, the distance of U from Cas9 cut site will be imposed by the design (165 bp in this case) and the same distance is chosen for positioning the D arm.  C. Donor DNA cassette of pbpA library generated by error prone PCR and overlap extension assembly. The gene of interest will replace exactly the beginning part of rhaA gene (350 bp) far enough from promoter (see Note 1). The gene of interest (pbpA) will be inserted with the help of homologous arms (500 bp) through λ-Red recombination, leaving intact the open reading frame (ORF) and stop codon of rhaB and using the start codon of the rhaA gene. The pbpA ORF encodes a N-terminal signal sequence (SS) for periplasmic localization and a C-terminal His-tag for purification. Both sequences were not subjected to the error prone PCR.
Figure 4. Competence regulation by the comRS system in S. thermophilus. A. Expression of comS initiates the system; the precursor of the peptide pheromone ComS is exported and matured. B. On reaching a threshold of extracellular concentration of the matured peptide pheromone (XIP), it is reimported into the cell. C. In the cytoplasm, XIP interacts with ComR. The dimeric ComR.XIP complex binds to regions upstream and activates transcription of genes comS and comX. D. ComX is a sigma factor that induces transcription of late competence genes required for DNA transformation (figure modified from (26)).
Figure 5. Overview of the protocol designed for creating chromosomal libraries using natural transformation in S. thermophilus. A. A cat-oroP chimeric cassette with upstream (U-arm) and downstream (D-arm) homology fragments was constructed in vitro by Gibson assembly. The cassette was introduced in the chromosome by natural transformation and double homologous recombination.  Transformants were selected for acquired resistance to chloramphenicol. B. The mutant strain from step A was transformed with the ep-PCR library assembled with U- and D-arms as well. Transformants were selected for loss of oroP fragment, resulting in resistance to 5-FOA. C. to F.  Schematic protocol for genetic modification using natural transformation in S. thermophilus.

[bookmark: _Ref7439298]Table 1: List of primers.
	PCR/Target to amplify
	Primer Pair
	Sequence (5’→3’)

	N20 modification on pTarget
	A
	Fw
	AGCTAGCTCAGTCCTAGGTATAATACTAGTGCCTGTGGCCTGAATCCCCCGTTTTAGAGCTAGAAATAGCAAGTTAAAA

	
	
	Rv
	ACTAGTATTATACCTAGGACTGAGCTAGCT

	U arm
	B1
	Fw
	AGGCACTTCCGGCTTGCC

	
	
	Rv
	AAATCTTTTTCATGCGCAAAGCTCCTTTGTC

	
	B2
	Fw
	CTCGAGTAGGGATAACAGGGAGGCACTTCCGGCTTGCC

	
	
	Rv
	AAATCTTTTTCATGCGCAAAGCTCCTTTGTC

	SS-pbpA-6xHis
	C
	Fw
	TTTGCGCATGAAAAAGATTTGGCTGGCG

	
	
	Rv
	CCCATTCAACTCAGTGATGATGATGATGG

	D arm
	D1
	Fw
	TCATCACTGAGTTGAATGGGCGAAAGCCAATC

	
	
	Rv
	AGCAGCAACTGCGGCACA

	
	D2
	Fw
	TCATCACTGAGTTGAATGGGCGAAAGCCAATC

	
	
	Rv
	GCAGAAGCTTAGATCTATTAAGCAGCAACTGCGGCACA

	pTarget-N20
	E
	Fw
	TAATAGATCTAAGCTTCTGCAG

	
	
	Rv
	CCCTGTTATCCCTACTCG

	PBP-A gene (ep-PCR)
	F
	Fw
	TTTTAGCGTTTAGCGCATCGGCGGCG

	
	
	Rv
	GGCTTTCGCCCATTCAACTCAGTGATGATGATGATGGTG

	pTarget-N20-U-SS-pbpA-D
	G
	Fw
	GTTGAATGGGCGAAAGCC 

	
	
	Rv
	CGATGCGCTAAACGCTAAAACTAAACCAGCCAGCGCCAG 

	Modified locus in genome 
	H
	Fw
	TTCAGCGAGTGCTTCAGGA

	
	
	Rv
	AGATCGTGACGCACAATCTC

	PCR product of primer pair H
	I

	Fw
	CCACCTTTACCCCTAATCC

	
	
	Rv
	ACTGGCGAATGCTGTCGT

	Resistance change on pTargetF
	J1
	Fw
	GCCGGGCCACCTCGACCTGAGATGCCGCTCGCC

	
	
	Rv
	GCGCATTGTTAGATTTCATCAGTCGATCATAGCACG

	
	J2

	Fw
	ATGAAATCTAACAATGCGC

	
	
	Rv
	TCAGGTCGAGGTGGC

	U-tRNASerRec
	K1
	Fw
	AACTATCATCCGTCATCC

	
	
	Rv
	CCTTATGGGATTTATCTTCCTTACAGAAATAGACAAAGTGTCC

	D-tRNASerRec
	K2
	Fw
	CCGGAATAATATTCATTAAATTTTTATAAAATTTGTCTATTTCTGAAAAGG

	
	
	Rv
	GATGGTCGTATTTTGACC

	P32-cat
	K3
	Fw
	GGACACTTTGTCTATTTCTGTAAGGAAGATAAATCCCATAAGG

	
	
	Rv
	GCAAATGTACTGTCAAGAATATTCACGTTACTAAAGGGAATG

	PSP-oroP
	K4
	Fw
	TACATTCCCTTTAGTAACGTGAATATTCTTGACAGTACATTTGC

	
	
	Rv
	CCTTTTCAGAAATAGACAAATTTTATAAAAATTTAATGAATATTATTCCGG

	U-tRNASerLib
	K5
	Fw
	GGCTTTTCAAAACTATCATCCGTCATCC

	
	
	Rv
	GGTTCCTCGGGTAGCGGA

	D-tRNASerLib
	K6
	Fw
	CATAATTTGTCTATTTCTGAAAAGGAGAGGAGGGG

	
	
	Rv
	GTCTGGGAAATGGTGATATGATGAGTGC

	leuB-Lib
	K7
	Fw
	TCCGCTACCCGAGGAACC

	
	
	Rv
	CCCCTCCTCTCCTTTTCAGAAATAGACAAATTATG




