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Synthetic genetic circuits have revolutionised our capacity to control cell viability by conferring microorganisms with programmable functionalities to limit survival to specific environmental conditions. Here, we present the GenoMine safeguard, a CRISPR-Cas9-based kill switch for the biotechnological workhorse Pseudomonas putida that employs repetitive genomic elements as cleavage targets to unleash a highly genotoxic response. To regulate the system’s activation, we tested various circuit-based mechanisms including the digitalised version of an inducible expression system that operates at the transcriptional level and different options of post-transcriptional riboregulators. All of them were applied not only to directly control Cas9 and its lethal effects, but also to modulate the expression of two of its inhibitors: the AcrIIA4 anti-CRISPR protein and the transcriptional repressor TetR. Either upon direct induction of the endonuclease or under non-induced conditions of its inhibitors, the presence of Cas9 suppressed cell survival which could be exploited beyond biocontainment in situations where further CRISPR genome editing is undesirable.
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1 INTRODUCTION
In recent years, P. putida KT2440 has come to occupy a prominent place on the list of synthetic biology chassis (de Lorenzo et al., 2021; Martínez-García and De Lorenzo, 2024). Its unique metabolic and physiological properties that provide high levels of solvent tolerance and stress resistance made it first appealing for degradation studies and harsh biotransformations (Nikel et al., 2016). However, the expanding plethora of molecular and in silico tools for targeted genetic manipulations is behind the seemingly unstoppable rise of this bacterium as one of the preferred flexible and engineerable hosts for general metabolic engineering and bioproduction (Nikel and de Lorenzo, 2018; Martin-Pascual et al., 2021). While the toolbox of methods and genetic parts grows day by day, many of them remain unapplied and overshadowed by traditionally reliable techniques and other established elements. Specifically, numerous native and heterologous inducible expression systems (Calero et al., 2016; Martínez-García and de Lorenzo, 2017; Batianis et al., 2020) alongside different synthetic libraries of genetic regulatory elements like promoters, ribosome binding sites (RBSs) and terminators have been characterised in Pseudomonas putida (Zobel et al., 2015; Elmore et al., 2017; Amarelle et al., 2019; Aparicio et al., 2020; Damalas et al., 2020). However, and by the same token, the majority of these has never been exploited in an application for gene expression modulation yet, which is fundamental for a proper control of engineered metabolic pathways. At the same time, more complex elements such as riboswitches and riboregulators to fine-tune gene expression are scarce in this bacterium hindering the development of synthetic genetic circuits to tightly control cellular functions (Martin-Pascual et al., 2021).
Programming microorganisms through circuit-oriented innovations has led to novel applications and functionalities that range from diagnostics and therapeutics (Riglar and Silver, 2018) to advanced bioproduction (Xu et al., 2014; Lo et al., 2016). Moreover, genetic circuits offer excellent means for controlling cell viability and consequently for biological containment. These engineered cells would sense the environment and respond accordingly by being functional or inactivated, thus maintaining their performance only under permissive conditions (Chan et al., 2016). Specifically, kill switches are circuit systems that can result in cell death by activating lethal genes under certain conditions (Stirling et al., 2017). Addressing challenges such as high degrees of efficiency and robustness becomes imperative when building such circuits in order to eliminate all the targeted population. Additionally, the kill switch’s response needs to be quick in order to prevent instabilities and other detrimental consequences of a delayed action (Xia et al., 2019). Popular among the lethal genes used in kill switches, we encounter toxins (Chan et al., 2016; Piraner et al., 2017; Stirling et al., 2017), proteases (Chan et al., 2016) and CRISPR nucleases, such as Cas9 (Bikard and Barrangou, 2017; Rottinghaus et al., 2022). The endonuclease Cas9 creates double strand DNA breaks (DSB) in the bacterial chromosome triggering cell death (Anders et al., 2014; Jinek et al., 2014); an effect that has been reported in a variety of species. However, some bacterial cells can survive such DNA damage since some positions in the genome are targeted more efficiently than others (Cui and Bikard, 2016), a limitation that could be overcome by targeting more than one locus simultaneously. To avoid the design and utilisation of different CRISPR independent targets, the genotoxicity of Cas9 could be improved by targeting repetitive regions of the genome (Castanon et al., 2020).
Repetitive extragenic palindromic (REP) elements are highly conserved inverted repeats found in the genomes of some bacterial species (Stern et al., 1984), including P. putida KT2440 (Aranda-Olmedo et al., 2002). This strain has >900 REPs with a highly conserved 35 bp sequence typically occurring as single units or pairs. REPs are also the target for some insertion sequences (IS) which are small, mobile genetic elements carrying information for their own transposition (Siguier et al., 2015). Particularly, the transposase ISPpu9 is encoded seven times also in repetitive extragenic palindromic regions of the P. putida KT2440 genome (Gómez-García et al., 2021). Therefore, by using only the REP and ISPpu9 sequences, hundreds of parallel DSBs could be generated by Cas9 as long as those sequences were positioned next to the required protospacer adjacent motif (PAM).
With the aim of developing a quick and effective CRISPR-Cas9-based kill switch, we took advantage of the minimal PAM (5′-NNG-3′) of the ScCas9 variant (Chatterjee et al., 2018). This allowed the engineering of P. putida by installing into its genome a CRISPR cassette containing only two spacers to target the repetitive REP and ISPpu9 regions. To control the lethal cleavage of the strain’s chromosome, we subjected Cas9 to the control of robust genetic circuits that had previously shown outstanding performance in bacteria. These circuits include AND gates such as conventional riboregulators (Isaacs et al., 2004; Gallagher et al., 2015) and toehold riboregulators (Green et al., 2014), and an ON/OFF digitaliser module (a YES gate) (Calles et al., 2019). The basic design principle of a kill switch, however, should be a NOT, a NOR or a NAND gate to activate the lethal genes when the external signal(s) commonly administered under permissive and controlled conditions stop(s) being perceived. Consequently, the Cas9 controlled by the circuits was replaced by two repressing elements, AcrIIA4 and TetR, whereas an independent Cas9 was expressed on a different module. Circuits were used first to control the expression of the anti-CRISPR protein AcrIIA4 that inhibits the enzymatic activity of type II Cas9 proteins (Dong et al., 2017; Yang and Patel, 2017); and secondly, to control the expression of TetR, a transcriptional repressor of the pLtetO promoter (Saenger et al., 2000) which was, in turn, accommodated to control the independent Cas9.
2 MATERIALS AND METHODS
2.1 Bacterial strains and media
All bacterial strains utilised in this study with their respective characteristics can be found in Supplementary Table S1. Standard cultivation was done at the strains’ optimal temperature, 37°C for Escherichia coli and 30°C for P. putida, in Lysogenic Broth (LB) (10 g/L NaCl, 10 g/L tryptone, and 5 g/L yeast extract) supplemented with appropriate antibiotics according to the following concentrations: kanamycin, 50 mg/L; gentamicin, 10 mg/L; chloramphenicol, 20 mg/L. When required, relevant inducers were as well supplemented into the medium: 3-methylbenzoate at 1 mM and rhamnose at 3.75 mM, if not stated otherwise. Escherichia coli cells were made chemically competent as previously described (Green and Rogers, 2013) and used for cloning purposes.
Electrocompetent P. putida strains were prepared following previously described standard protocols (Choi et al., 2006) and used for cleavage assays and circuit experiments. Specifically, single colonies were used to inoculate 10 mL overnight cultures. The day of the transformation, 10 mL fresh cultures were reinoculated from the overnight ones and grown at 30°C and 200 rpm to an OD600 = 1 ± 0.2, which corresponds to 3.0 × 108 CFU/mL. Cells were made electrocompetent by consecutive washing steps of 10, 2, and 1 mL of sucrose 300 mM. The washed cultures were finally resuspended in 200 μL of sucrose 300 mM and aliquoted into samples of 100 μL. Each sample was mixed with 100 ng of DNA plasmid and transferred to pre-chilled 2 mm gap electroporation cuvettes. A single exponential decay pulse was applied using the Gene Pulser X-Cell (Bio-Rad) set at 2,500 V, 200 Ω and 25 μF. Immediately after the electrical pulse, cells were resuspended in 900 μL of SOC medium (MP Biomedicals), and incubated at 30°C and 500 rpm, for 60 min. Specific plating conditions are described in the corresponding experiments.
2.2 Plasmids
Plasmids used in the present study are fully described in Supplementary Table S2. Primers to amplify the genetic parts (Supplementary Table S5) and to verify the products can be found in more detail in Supplementary Table S3. All genetic parts were amplified by PCR using the NEB Q5® High-Fidelity DNA polymerase, according to the company’s instruction. PCR fragments were subjected to a 1% (w/v) agarose gel electrophoresis and isolated using Nucleospin Gel and PCR Clean-up (BIOKÉ) kit. Plasmids were constructed using SEVA-based backbones (https://seva-plasmids.com), and Golden Gate and Golden Gate-based SevaBrick Assembly methods (Damalas et al., 2020), unless otherwise stated, and transformed by heat-shock in chemically competent E. coli DH5α cells. Isolation of the plasmids was done with the GeneJET Plasmid Miniprep Kit® (Thermo Scientific) and colony PCR was performed to verify the right assembly of the different fragments. Plasmid sequence was confirmed by Sanger sequencing from Macrogen (MACROGEN Inc. DNA Sequencing Service; Amsterdam, Netherlands).
First, we generated a CRISPR-Cas9 vector pSEVAb62-ScCas9-tracrRNA-crRNA_REP_ISPpu9 for the construction of the appropriate GenoMine circuit’s CRISPR array. Spacers REP and ISPpu9 (Supplementary Table S4) were introduced in pSEVAb62-ScCas9-crRNA_eforRed using the previously described protocol called “One-step Golden Gate-based cloning for the assembly of single and multiple spacers into the crRNA cassette” (Batianis et al., 2020) by replacing the eforRed chromoprotein. Once the array was built, it was PCR amplified with primers G3-G4 and cloned into a G1-G2 amplified pGNW backbone to knock it in the PP_5322 locus of the P. putida KT2440 genome. Plasmids pSEVAb62-ScCas9-tracrRNA and pSEVAb62-dScCas9-tracrRNA were also built without a crRNA for those experiments in which the crRNA was already installed on the genome. dScCas9 contained a D10A point mutation into ScCas9’s HNH domain and a H840A point mutation into its RuvC domain (Supplementary Table S5).
Plasmids containing the reporter gfp were used to evaluate how the different circuits control gene expression in P. putida. Plasmids pZE21 Y12 a12C GFP containing conventional riboregulator #12 and pSEVA238 D.M. GFP were kind gifts from the Isaacs Lab (Yale University) and the Molecular Environmental Microbiology Laboratory (CNB-CSIC), respectively. Riboregulator #12s cassette was amplified using primers R1-R2 and cloned into a R3-R4 amplified pSEVAb23 backbone. Primers R5-R6 were then used to substitute the original promoters pLacIQ and pLtetO by the xylS/pM (R7-R8) and rhaRS/pRham (R9-R10) expression systems, which were amplified from in-house vectors, to create pSEVAb23 RR12-GFP pM-pRha. Subsequently, linearised fragments lacking both the xylS/pM and the rhaRS/pRham expression systems were created using R15-R16 for riboregulator #12 and R17-R18 for riboregulator #10, which was generated by introducing the corresponding crRNA and taRNA differences with #12 in the amplification primers. Using P7 and P10, xylS/pM and rhaRS/pRham were cloned to create pSEVAb23 RR10-GFP pM-pRha, while the use of R19-R20 allowed the construction of both pSEVAb23 RR10-GFP pRha-pM and pSEVAb23 RR10-GFP pRha-pM. To build all the versions without taRNA, R22 and R21 were used as forward primers when the crRNA promoters were either pM or pRham, respectively, combined with the reverse primer R14, that eliminated the taRNA part. To obtain the last circuit, the toehold riboregulator #2.1, the pSEVAb GFP backbone was amplified with T2 and T4, whereas the part containing the xylS/pM and rhaRS/pRham expression systems of the riboregulator #12 version 1 was obtained using T1 and T3, yielding pSEVAb23 Toehold2.1-GFP pM-pRha.
For the replacement of gfp with the genes encoding ScCas9, TetR and AcrIIA4, the backbones of pSEVAb23 RR12/10-GFP pM-pRha, pSEVAb23 Toehold2.1-GFP pM-pRha and pSEVA238 D.M. GFP were amplified with R24-R25, R24-T5 and D1-D2, respectively. ScCas9 was amplified from pSEVAb62-ScCas9-tracrRNA-crRNA_REP_ISPpu9 using primers S1-S2 (for the DM), S3-S4 (for both conventional riboregulators) and S5-S4 (for the toehold2.1). The TetR fragment was obtained from an in-house pSEVAb65 pTet-GFP with primers TR1-TR2 (for the DM), TR3-TR4 (for both conventional riboregulators) and TR5-TR4 (for the toehold2.1). Lastly, AcrIIA4 was amplified from an in-house pSB1C3-AcrIIA4 vector making use of A1-A2 (for the DM), A3-A4 (for both conventional riboregulators) and A5-A4 (for the toehold2.1). The constitutive pSEVAb23-AcrIIA4 was generated by amplifying the backbone pSEVAb23 with the Anderson 100 promoter attached using primers R4 and R26 and by cloning into it the AcrIIA4 sequence amplified with R27-R28 from the pSB1C3-AcrIIA4.
Finally, pSEVAb62 pTet-ScCas9 was made using primers S6-S7 which changed the native ScCas9 promoter present in pSEVAb62 ScCas9 for the pLtetO expression system, which, in this case, contained two copies of the tet operator.
2.3 Construction of P. putida GenoMine
Pseudomonas putida “GenoMine” is how we denominate P. putida KT2440 equipped with the GenoMine genetic circuit. This engineered strain was generated by introducing downstream the PP_5322 genomic locus a CRISPR cassette containing two spacers that target highly repetitive regions of the P. putida KT2440 genome. This site had been previously characterised as a high expression locus, in which inserts did not affect the strain’s growth rate (Chaves et al., 2020). The CRISPR cassette was introduced via I-SceI-mediated homologous recombination (Wirth et al., 2020). In brief, the fluorescent suicide vector pGNW crRNA_REP_ISPpu9 PP_5322 KI, which carried the CRISPR cassette between two 500-bp homology regions upstream and downstream the exact introduction location, was first transformed by electroporation into P. putida KT2440 cells. Cointegrates, easily identified by the green fluorescence, were subjected to a second transformation with the standard pQURE6 which contains the inducible I-SceI meganuclease. Upon 3-methylbenzoate induction, a second crossover resulted in the excision of the cointegrated pGNW followed by non-fluorescent cells which needed to be scanned for revertant (i.e., wild type) or mutant (i.e., knock in) genotype. Genomic construct was verified by Sanger sequencing after PCR amplification with NEB Q5® High-Fidelity DNA polymerase. Additionally, to ensure post-integration short term stability, colonies of the GenoMine strain were always verified with colony PCR before cleavage assays.
2.4 Cleavage assays
Strains P. putida KT2440 (wild type) and P. putida GenoMine, either harbouring or not circuit plasmids, were used in different types of cleavage assays with ScCas9 plasmids. First, to test the efficiency of the GenoMine strategy, electro-competent P. putida cells were transformed with 100 ng of either the constitutive pSEVAb62-ScCas9 or the empty pSEVAb62, and subsequently plated onto LB-Gen solid agar media after 1.5 h of antibiotic-free recovery. In this first case, targeting efficiency was calculated by comparing the number of colony forming units (CFU) present in the GenoMine plates (targeting) and the number of CFU present in the corresponding wild type plates (non-targeting).
Second, to measure the cleavage survival when ScCas9 was controlled by the different genetic circuits, electro-competent wild type and GenoMine cells were transformed with 100 ng of either pSEVAb23 RR10-ScCas9, pSEVAb23 RR12-ScCas9, pSEVAb23 Toehold2.1-ScCas9 or pSEVA238 D.M. ScCas9, alongside their non-targeting counterparts carrying GFP instead of ScCas9. After 1.5 h of recovery in absence of antibiotics and inducers, 100 μL of each transformed sample was plated on LB-Kan, LB-Kan-3MB, LB-Kan-Rham and LB-Kan-3MB-Rham in the case of the riboregulators, and onto LB-Kan and LB-Kan-3MB, in the case of the digitaliser module. Cleavage survival was calculated after 48 h as the ratio between CFU growing upon different induction conditions and total CFU growing on plates without the addition of inducers and expressed in percentage.
Third, to measure cleavage survival when the circuits were controlling the expression of AcrIIA4, strains KT2440 and GenoMine were first transformed with the AcrIIA4-containing plasmid pSEVAb23-AcrIIA4. For the subsequent transformation, cultures were grown overnight under all the different inducer-combinations and then OD600 corrected. Then, they were transformed with 100 ng of either the constitutive pSEVAb62 ScCas9 or the empty pSEVAb62 and, in this case, recovery of each sample was performed for 1.5 h in the presence of the same inducer in which it had been previously incubated. Subsequently, 100 μL of the samples was correspondingly plated onto LB-Kan-Gen. pSEVAb62 dScCas9 was used in the same manner to ascertain the cause of the low transformation efficiencies when using a constitutive plasmid expressing ScCas9.
Fourth, to also measure cleavage survival, but this time when the circuits were controlling the expression of the TetR repressor, both strains KT2440 and GenoMine had to be transformed in advance with the TetR-containing plasmids pSEVAb23 RR10-TetR, pSEVAb23 RR12-TetR, pSEVAb23 Toehold2.1-TetR and pSEVA238 D.M. TetR. All these different strains were subsequently transformed with 100 ng of either pSEVAb62-pTet-ScCas9 or the empty pSEVAb62 and incubated for 1.5 h of recovery in the absence of antibiotics but in presence of all the inducer combinations. 100 μL of the samples was then correspondingly plated onto LB-Kan-Gen, LB-Kan-Gen-3MB, LB-Kan-Gen-Rham or LB-Kan-Gen-3MB-Rham in the case of the riboregulators, and onto LB-Kan-Gen or LB-Kan-Gen-3MB in the case of the digitaliser module.
Cleavage survival was calculated after 48 h as the ratio between CFU growing upon different induction conditions and total CFU growing on plates without the addition of inducers and expressed in percentage. Every cleavage assay was performed at least in biological triplicates.
2.5 Survival test from permissive conditions to non-permissive conditions
To understand the effect of transitioning from permissive to non-permissive conditions, surviving cells in permissive medium from the cleavage assays were tested again. Transfer to new plates was done directly and after a new growth phase of 24 h in liquid cultures. The experiment was performed only with cells carrying pSEVAb23 RR12-ScCas9 that had survived the cleavage assay under permissive conditions (non-induced). Three individual CFU were picked and resuspended in 100 μL of sterile water. 20 μL of the resuspension was plated on LB-Kan, LB-Kan-3MB, LB-Kan-Rham and LB-Kan-3MB-Rham. The remaining 20 μL was used to inoculate a 10 mL liquid culture of LB-Kn which was grown overnight. Next day, 20 μL of the grown culture was plates on LB-Kan, LB-Kan-3MB, LB-Kan-Rham and LB-Kan-3MB-Rham to assess the survival after a few generations. Cleavage survival was calculated after 48 h as the ratio between CFU growing upon different induction conditions and total CFU growing on plates without the addition of inducers and expressed in percentage.
2.6 Fluorescence assays
Pseudomonas putida KT2440 harboring either pSEVAb23 RR12-GFP pM-pRham, pSEVAb23 RR12-GFP pRham-pM, pSEVAb23 RR10-GFP pM-pRham, pSEVAb23 RR10-GFP pRham-pM, pSEVAb23 cr12-GFP pM-pRham, pSEVAb23 cr12-GFP pRham-pM, pSEVAb23 cr10-GFP pM-pRham, pSEVAb23 cr10-GFP pRham-pM, pSEVAb23 Toehold2.1-GFP pM-pRham or pSEVA238 D.M. GFP were grown at 30°C and 200 rpm, overnight in 10 mL LB-Kan. Overnight cells were harvested at 4,700 g for 5 min and washed twice with minimal M9 medium to eliminate LB traces. Cells were then resuspended to an OD600 = 0.3 in fresh M9 medium (1.63 g/L NaH2PO4, 3.88 g/L K2HPO4, 2 g/L (NH4)2SO4, 10 mg/L EDTA, 100 mg/L MgCl2.6H2O, 2 mg/L ZnSO4.7H2O, 1 mg/L CaCl2.2H2O, 5 mg/L FeSO4.7H2O, 0.2 mg/L Na2MoO4.2H2O, 0.2 mg/L CuSO4.5H2O, 0.4 mg/L CoCl2.6H2O, and 1 mg/L MnCl2.2H2O) supplemented with 50 mM of glucose and 50 mg/L kanamycin on appropriate 96-well plates for the measurement of both absorbance and fluorescence in a total volume of 200 µL per well. In addition, inducers were also provided when necessary, including L-rhamnose at 3.75 mM and 3-methylbenzoate at 2 mM. Optical density (OD600) and fluorescence (excitation 467 nm, emission 508 nm) were monitored over 24 h using a BioTek Synergy Mx Multi-Mode Microplate reader. Relative fluorescence values were calculated by normalising the values of fluorescence to the OD600 values. Two biological and three technical replicates were included.
3 RESULTS
3.1 ScCas9 effectively targets repetitive genomic regions in Pseudomonas putida starting a chain reaction of chromosome cleavages that result in cell death
The genome of P. putida KT2440 contains more than 900 REPs and 7 ISPpu9 sites (Gómez-García et al., 2021). Based on their highly conserved sequences, we designed two corresponding spacers of 30 nucleotides (Supplementary Table S4). Considering that ScCas9 requires a 5′-NNG-3′ PAM located downstream of the protospacer or targeted region, these two spacers could theoretically target the genome at 27 different loci that shared 100% sequence identity. However, it is estimated that the cRNA:tracrRNA:Cas9 might be able to target a much higher number of loci, due to the fact that the Cas9 complex can target sequences that differ by one or two nucleotides from the spacer, as long as these occur out of the seed sequence (the 8–10 nucleotides immediately adjacent to the PAM) (Jiang et al., 2013) (Figure 1A). Subsequently, we successfully generated the P. putida GenoMine strain by introducing a constitutive CRISPR cassette containing both the REP and ISPpu9 spacers between 36 bp-long direct repeats (DR) and the sequence for the tracrRNA (Figure 1B) (Supplementary Table S5), downstream the PP_5322 gene to achieve high levels of expression (Chaves et al., 2020) using I-SceI mediated homologous recombination (Wirth et al., 2020).
[image: Figure 1]FIGURE 1 | Scheme of GenoMine, a CRISPR-Cas9-based kill switch in Pseudomonas putida (A) The genome of Pseudomonas putida KT2440 contains abundant repetitive sequences. These repetitive regions can easily be used as CRISPR-Cas9 targets leading to a chain reaction of cleavages in the bacterial chromosome (B) GenoMine cassette introduced downstream the PP_5322 locus of the genome of Pseudomonas putida KT2440 containing a CRISPR array with two constitutively expressed spacers (REP and ISPpu9) that target repetitive regions of the genome itself. DR stands for direct repeat (C) When ScCas9 is transformed into cells containing the GenoMine cassette, a chain reaction of cleavages starts resulting in cell death (D) Experimental validation of the hypothesis depicting the targeting efficiency associated with cell death of Pseudomonas putida “GenoMine” relative to that obtained in the wild type strain when transformed with a pSEVAb62 plasmid constitutively expressing ScCas9 or with an empty plasmid (mean ± s.d., n = 3 biological).
To test the genotoxicity of ScCas9 in the GenoMine strain (Figure 1C), we transformed it with the plasmid pSEVAb62-ScCas9, in which the endonuclease was constitutively expressed. As a result, a targeting efficiency of 99.95% ± 0.03% was achieved when compared with the wild type strain transformed with the same plasmid (Figure 1D). As a negative control, an empty pSEVAb62 plasmid was used to transform both the GenoMine and the wild type. In this case, growth of the GenoMine strain was not limited compared to the wild type strain, indicating that the former without Cas9 activity does not show growth limitations compared to the latter.
3.2 Utilisation of different genetic circuits to control gene expression in P. putida
In order to control the triggering of the lethal cleavages, our efforts focused on finding and testing systems that would react to external signals to activate gene expression in P. putida. Our first approach involved the use of engineered riboregulators (RR) which operate at post-transcriptional level through small synthetic RNAs that enable gene silencing and activation. Specifically, we selected the riboregulators #12 and #10 (RR12 and RR10) from Isaacs et al. (2004) due to their effectiveness in E. coli (Supplementary Table S5). Their structure consists of (i) a complementary cis-sequence which binds to the ribosomal binding site (RBS) at the 5′- untranslated region (UTR) of a given gene, and consequently forms a stem-loop structure, silencing gene expression by blocking the RBS, and (ii) a small non-coding trans-activating RNA (taRNA) that acts as counterpart and targets the cis-repressing RNA (crRNA) with high affinity, enabling a conformation change which frees the RBS for the binding of the translation machinery (Figure 2A) (Isaacs et al., 2004). These two molecules were cloned into a pSEVAb23 plasmid under the control of the xylS/pM and rhaRS/pRham expression systems, induced by 3-methylbenzoate (3 MB) and L-rhamnose, respectively, to regulate the expression of a reporter gfp gene. In the first version of our system (V1), xylS/pM was controlling the transcription of the crRNA-gfp molecule whereas rhaRS/pRham was controlling the taRNA. In the second version (V2), the inducible expression systems were interchanged to evaluate the effect and potential leakiness of the promoters.
[image: Figure 2]FIGURE 2 | Different circuits controlling GFP expression in Pseudomonas putida (A) Schematic representation of a riboregulator circuit. Two different modules are cloned in opposite directions and separated by a transcriptional terminator: on the left, the trans-activating RNA (conventional riboregulator) or trigger RNA (toehold) molecule is controlled by the rhaRS/pRham expression system; and on the right, the cis-repressing RNA (conventional riboregulator) or switch RNA (toehold) is transcriptionally coupled to a gfp gene under the control of the xylS/pM expression system (Promoter version 1). The transcription of the aforementioned modules is induced by rhamnose and 3-methylbenzoate, respectively. Translation of gfp is blocked by the crRNA/switchRNA in absence of the taRNA/triggerRNA, but in its presence, the binding of the two RNA molecules results in a conformational change that allows the ribosome to access the RBS for gfp translation (B) Structural differences between conventional and toehold riboregulators. While the former represses translation by base pairing directly to the RBS region (pink), the latter does it through base pairs programmed before and after the AUG start codon (red), leaving this and the RBS (pink) completely unpaired (C) Fluorescence assays of the different riboregulator variants controlling the expression of gfp depicting relative fluorescence over time for 24 h. From top left to bottom right: RR12 version 1, RR12 version 2, RR10 version 1, RR10 version 2, crRNA 12 version 1, crRNA 12 version 2, crRNA 10 version 1, crRNA 10 version 2 and Toehold 2.1 version 1. Grey lines represent non-induced conditions, purple lines induction only with 3MB, pink lines only with rhamnose and red lines double induction with both 3 MB and rhamnose (mean ± s.d., n ≥ 2 biological and 3 technical replicates) (D) Schematic representation of the ON/OFF digitaliser module (DM). Expression of gfp is controlled by the xylS/pM expression system and an additional mutual inhibition circuit that regulates the translation step. This switch-like inhibition circuit includes a small RNA that inhibits the translation of the transcriptionally coupled LacI, a repressor of the pLac promoter that in turn controls the small RNA production. Activation of the system occurs only under 3MB induction, whereas in its absence, the small RNA interferes with any possible basal translation levels (E) Fluorescence assay of a digitalised version of the xylS/pM system controlling the expression of gfp depicting relative fluorescence over time for 24 h (mean ± s.d., n ≥ 2 biological and 3 technical replicates). Legend applies to panels C and E.
Fluorescence assays revealed the correct silencing and activation of gfp under the corresponding non-induced and double induction (3 MB + rhamnose) conditions using the two versions of both riboregulators (Figure 2C). Regarding RR12, very low levels of fluorescence were observed in both versions under non-induced conditions. Conversely, when both inducers were supplied, gpf expression levels increased dramatically, with version 2 showing a more stable and longer expression than version 1. When using RR10, fluorescence levels were insignificant under non-induced conditions. Upon double induction, RR10 showed similar profiles in both versions, albeit expression levels of version 1 were higher. When compared to RR12, both versions showed higher expression with RR10.
With respect to the individual induction with 3 MB or rhamnose, the outcomes were similar when using either RR12 or RR10. Results showed no expression (version 2) or very low GFP levels (version 1) when only the taRNA was induced. Conversely, the inducer of the crRNA molecule alone was able to yield significant levels of GFP expression (3 MB-induction for version 1 and rhamnose-induction for version 2) indicating either leaky expression of the promoters (Calero et al., 2016) or improper functioning of the crRNA molecule (Figure 2C). The first hypothesis was quickly discarded based on the results produced by the different configurations, as it would be unlikely that both the pRham and the pM promoters would exhibit the same level of leakiness. The second hypothesis regarding the functioning of the crRNA molecule was experimentally investigated with pSEVAb23 plasmids containing the crRNA-gfp module but lacking the taRNA part.
Expression of gfp was observed with the crRNA part of both RR12 and RR10 and with their corresponding two versions despite the absence of taRNA within the system. In this case, relative fluorescence levels with the crRNA inducer only and with both inducers were very similar and consistent with those of the previous assays when only the inducer of the crRNA was provided (Figure 2C). These results showed that gfp translation was still possible even without taRNA, indicating that the cis-repressor sequence did not manage to block completely the access of the ribosome to the gfp’s RBS.
In an attempt to solve this issue and move away from relying on the RBS sequence, we tested the toehold riboregulator approach. The principle of a toehold switch is based on the design of two RNA sequences flanking the start codon that match and form a hairpin with another complementary RNA sequence located before the RBS, which is left completely unpaired in this configuration (Figure 2B). Because neither the RBS nor the start codon are necessary for hairpin formation, the crRNA can have any arbitrary sequence instead of a limited amount of them, which allows greater riboregulator variability. In this case, the reconfigured crRNA sequence is called switch RNA, whereas the equivalent of the former taRNA receives the name of trigger RNA (Green et al., 2014). For our study, we selected the toehold switch #1 of the second- or forward engineering-generation (#2.1) of Green et al. (2014) which had previously shown the highest ON/OFF GFP fluorescence ratio (665 ± 135) in their study using E. coli (Supplementary Table S5). Toehold riboregulator #2.1 (Toehold 2.1) was cloned into a pSEVAb23 vector controlling a gfp reporter gene and, this time, only version 1, meaning switchRNA-gfp under the control of xylS/pM and triggerRNA controlled by rhaRS/pRham, was generated. In this case, the fluorescence assay using the Toehold 2.1 reported a correct functioning of the circuit under non-induced and double induction conditions. Unfortunately, undesired gfp expression levels were observed when only the switchRNA inducer was provided, as it had previously happened with RR12 and RR10 (Figure 2C). However, these one-inducer activation levels were considerably lower than those obtained with the conventional riboregulators in the same conditions (Figure 2C).
With the objective of minimising the levels of gene expression under non-induced conditions, our third approach was the use of an ON/OFF digitaliser module (DM) that supresses the basal level of promoters entirely, impeding gene expression in the absence of induction. The rationale of this circuit is based on the interplay of a translation-inhibitory small RNA controlled by pLac with the translational coupling of the gene of interest to the repressor LacI (Figure 2D) (Calles et al., 2019). Instead of an AND gate like the riboregulators that theoretically require the presence of both inducers for the expression of a gene, the ON/OFF DM needs only a single input to accomplish a tight control of the system (YES gate). Even though it had already been tested in P. putida using the xylS/pM expression system and GFP as reporter (Calles et al., 2019), we repeated the experiment and obtained results consistent with previous research (Figure 2E). Basal fluorescence levels were minimal while expression under 3 MB-induced conditions were similar to those achieved with double induced RR12, version 1 (Figure 2C).
3.3 Induced conditions activate ScCas9 resulting in cell death
To determine whether controlled induction of the different systems could result in cell death in the GenoMine strain, we replaced in all four circuits the reporter gfp with the sccas9 gene which had previously been codon optimised for P. putida (Asin-Garcia et al., 2021). For convenience and given the scarce behavioural differences between the two configurations, only version 1 of the riboregulators was used in subsequent experiments (Figure 3A). Plasmids pSEVAb23 containing these constructs (Figures 3A, B), alongside an empty pSEVAb23 vector were transformed in both wild type and GenoMine P. putida strains, which were subsequently plated on media supplemented with the different inducers to quantify the cell population survival to the CRISPR-Cas9 lethal response. We used for each strain- and plasmid-transformation the number of colony forming units present in the non-induced plates as the reference of 100% survival.
[image: Figure 3]FIGURE 3 | Different circuits controlling the expression of ScCas9 in Pseudomonas putida GenoMine (A) Schematic representation of the riboregulator circuits (conventional or toehold) controlling the expression of ScCas9 (B) Schematic representation of the xylS/pM expression system endowed with the ON/OFF digitaliser module and controlling the expression of ScCas9 (C) Designs of AND YES gates according to the American National Standards Institute (ANSI), in this case corresponding to the riboregulators and the ON/OFF DM, respectively. Following binary logic, there are only two states allowed, 1 and 0 or “on and off”. A and B represent the inputs 3MB and rhamnose, and X represents the output of the circuit, in this case the activation of Cas9 (D) Cleavage survival after transformation of ScCas9 under the control of conventional RR10 (E) Cleavage survival after transformation of ScCas9 under the control of conventional RR12 (F) Cleavage survival after transformation of ScCas9 under the control of Toehold 2.1 (G) Cleavage survival after transformation of ScCas9 under the control of a digitalised version of the xylS/pM system. Relative cleavage survival was calculated separately for each strain in each figure as the ratio between CFU growing upon different induction conditions (purple bars represent single induction with 3MB, pink bars single induction with rhamnose and red bars double 3MB + rhamnose induction) and total CFU growing on plates without the addition of inducers (grey bars) and expressed in percentage. Only significant values are indicated for a parametric two-tailed t-test between two groups, where *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001; non-significant values were not depicted (mean ± s.d., n ≥ 3 biological).
Upon full induction of the genetic circuits, which is 3 MB + rhamnose for the riboregulators (AND gate) and 3 MB only for the ON/OFF DM (YES gate) (Figure 3C), the endonuclease should be expressed leading to the chromosome’s cleavage of the strain carrying the GenoMine CRISPR cassette. Conversely, in the three control cases lacking any of the CRISPR-Cas9 machinery elements, namely, the two transformations of the wild type and the transformation of the empty vector into the GenoMine strain, cleavages were not expected. Accordingly, the obtained number of CFU in the three negative controls was generally not affected by the different inducer conditions, apart from a single exception (WT strain transformed with an empty RR12 vector upon rhamnose induction, Figure 3E) (Figures 3D–G).
On the other side, we had our test situation when the GenoMine strain was transformed with vectors carrying ScCas9. Upon fully induced conditions, there was a strong decrease in the percentage of surviving cells with all four circuits. When the endonuclease was under the control of the conventional riboregulators, the levels of lethality under fully induced conditions were absolute, with no CFU present in the plates. When using the toehold, 5.39% ± 9.33% survived, whereas 38.97% ± 25.66% of the CFU managed to endure the cleavage with the DM (Figures 3D–G). In absence of 3MB, upon single induction of the taRNA/triggerRNA riboregulator counterparts with rhamnose, the cleavage survival was restored to levels that did not significantly differ from those of the non-induced conditions (Figures 3D–F). However, as we had previously seen with the GFP, activation of ScCas9 still occurred upon single 3 MB induction of the crRNA/switchRNA molecules. Percentages of cleavage survival dropped to 3.03% ± 5.24%, 0% and 6.86% ± 11.88% when ScCas9 was controlled by RR10, RR12 or toehold 2.1, respectively (Figures 3D–F).
While Figures 3D–G depict relative data calculated separately for each strain and transformation, we must remark that the absolute numbers in the obtained plates were variable (Supplementary Table S6). It should be noted that the absolute CFU count of non-induced GenoMine and wild type strains transformed with ScCas9 under the control of the different circuits was heavily impacted compared to the CFU count of GenoMine strains transformed with an empty vector (Supplementary Table S6). This indicated that there was either: (i) ScCas9-activity under non-induced conditions, which could be attributed to leakiness of the circuits that are in control of ScCas9 expression, or (ii) a significant burden or toxicity derived from hosting plasmids containing the endonuclease, even when this does not result in any chromosomal cleavage. To quantify this effect, we calculated the CFU difference between the wild type strain transformed with either the ScCas9-expressing plasmid or the same plasmid containing a catalytically inactive version of ScCas9 (dScCas9) with the empty plasmids (Supplementary Figure S2). As we had already seen in Figure 1D, the lethal effect of ScCas9 was almost absolute in the GenoMine strain. However, in the wild type strain, the presence of ScCas9, either catalytically active or not, also places a substantial burden that results in reduced cell populations, even without mediating any cleavage. The fact that this result is also observed with the catalytically inactive version indicates that this is an effect of protein burden, rather than off target effects.
To complete this part, a short-term survival test was conducted to understand the effect of transitioning from permissive to non-permissive conditions. Cells carrying ScCas9 under the control of conventional riboregulator RR12 were selected for this assay. Cells that had survived under permissive (non-induced) conditions were tested again in new test plates immediately and after 24 h of growth in liquid LB-Kn medium. Directly re-assessed cells exhibited behaviour very similar to that observed after the first exposure to the test conditions, as depicted in Figure 3E (Supplementary Figure S1). This result indicates that the GenoMine strategy remains active when transferred from permissive to non-permissive conditions. However, after a few generations and 24 h of growth in liquid permissive conditions, the functionality of the circuit is affected, and the genotoxic effect of the kill switch seems to decrease, resulting in a higher number of survivors growing under non-permissive conditions (Supplementary Figure S1).
3.4 Controlling P. putida GenoMine through ScCas9 DNA-binding inhibition and transcriptional repression
In order to develop a kill switch that is activated under non-induced conditions (i.e., non-permissive conditions) instead of induced conditions, we attempted two different strategies: ScCas9’s DNA-binding inhibition using the anti-CRISPR (Acr) protein AcrIIA4, and ScCas9’s transcriptional repression using the repressing TetR/pLtetO expression system. These new elements would work as inverter devices to reverse the circuits’ outcome and logic, from AND and YES gates, in which ScCas9 expression was only possible in case of a full induction (Figure 3C), to NAND and NOT gates, in which ScCas9 expression should happen under any other scenario that is not full induction (Figure 5D).
In our first strategy, we tested if AcrIIA4 could effectively inhibit ScCas9, as had been previously reported for SpyCas9 (Dong et al., 2017; Yang and Patel, 2017). For this, we first transformed the GenoMine strain with pSEVAb23-AcrIIA4, in which the anti-CRISPR protein was constitutively expressed. Secondly, pSEVAb62-ScCas9 was also introduced to evaluate AcrIIA4’s efficacy to prevent the action of ScCas9. The outcome of this experiment showed however no effect of AcrIIA4. Either in the presence or in the absence of this inhibitor, ScCas9 was equally able to target 99.73% ± 0.25% and 99.74% ± 0.25% of the respective cell populations, when compared with those transformed with an empty pSEVA62 vector (Figure 4). As a consequence, we decided not to continue with this approach and attempted an alternative way to repress ScCas9’s activity.
[image: Figure 4]FIGURE 4 | AcrIIA4 as a repressor of ScCas9 in Pseudomonas putida GenoMine (A) Schematic representation of the inhibition design (B) AcrIIA4 does not inhibit ScCas9’s cleavage ability in the GenoMine strain. Targeting efficiency was calculated in Pseudomonas putida GenoMine using the ratio of CFU obtained when transformed with either pSEVAb62-ScCas9 (targeting conditions) or an empty pSEVAb62 (non-targeting conditions), both in the presence and in the absence of a constitutively expressed AcrIIA4 (mean ± s.d., n = 2 biological).
In our second strategy, we substituted the sccas9 gene for the one encoding the transcriptional repressor TetR in all four circuits (Figures 5A, B). In turn, sccas9 was expressed on a separate plasmid under the control of the pLtetO promoter, whose activity can be repressed by binding of TetR (Saenger et al., 2000) (Figure 5C). Plasmids pSEVAb23 carrying the TetR circuit constructs were first transformed into the wild type and GenoMine strains as we had done with the ScCas9 circuit constructs in the previous assay. This time, however, a second transformation using either pSEVAb62-pLtetO-ScCas9 or an empty pSEVAb62 vector was performed, followed by an evaluation of the cleavage survival under the different inducer combinations. The number of CFU accounted under non-induced conditions represented a 100% survival for each strain- and plasmid-transformation. It is important to consider that this survival, however, is the result of an activated ScCas9 with the power of killing the GenoMine cells. Upon induced conditions, TetR should be activated repressing ScCas9’s transcription, resulting in a larger number of CFU and therefore cleavage survival levels higher than 100%.
[image: Figure 5]FIGURE 5 | Different circuits controlling the expression of TetR, which works as a transcriptional repressor of ScCas9 in Pseudomonas putida GenoMine (A) Schematic representation of the riboregulator circuits (conventional or toehold) controlling the expression of TetR (B) Schematic representation of the xylS/pM expression system endowed with the ON/OFF digitaliser module and controlling the expression of TetR (C) ScCas9 located on a separated plasmid under the control of the TetR/pLtetO expression system. ScCas9 can be repressed in the presence of TetR, which, in turn, gets expressed upon full induction of the genetic circuits depicted in either (A) or (B) (D) Designs of NAND (NOT + AND) and NOT gates according to the American National Standards Institute (ANSI), in this case corresponding to the riboregulators and the ON/OFF DM, respectively. Following binary logic, there are only two states allowed, 1 and 0 or ‘on and off’. A and B represent the inputs 3MB and rhamnose, and X represents the output of the circuit, in this case the activation of TetR and, correspondingly, the repression of ScCas9 (E) Cleavage survival of cells bearing TetR under the control of RR10 after transformation with pLtetO-ScCas9 (F) Cleavage survival of cells bearing TetR under the control of conventional RR12 after transformation with pLtetO-ScCas9 (G) Cleavage survival of cells bearing TetR under the control of Toehold 2.1 after transformation with pLtetO-ScCas9 (H) Cleavage survival of cells bearing TetR under the control of a digitalized version of the xylS/pM expression system after transformation with pLtetO-ScCas9. Relative cleavage survival was calculated separately for each strain in each figure as the ratio between CFUs growing upon different induction conditions (purple bars represent single induction with 3MB, pink bars single induction with rhamnose and red bars double 3MB + rhamnose induction) and total CFUs growing on plates without the addition of inducers (grey bars) and expressed in percentage. Only significant values are indicated for a parametric two-tailed t-test between two groups, where *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001; non-significant values were not depicted (mean ± s.d., n = 3 biological).
Once again, in the negative controls with an incomplete CRISPR-Cas9 system (wild type strains and GenoMine transformed with the empty vector), the addition of the inducers did not significantly affect the cleavage survival except in a few cases (Figures 5E–H). This time, however, inducers had no significant effect on the cleavage survival of the test strain either (GenoMine transformed with ScCas9).
In this way, the GenoMine strain carrying ScCas9 did not show a significantly higher cleavage survival when the transcriptional repressor TetR was expressed under fully induced conditions of any of the circuits. Even though the highest increases in average cleavage survival were observed upon induction of the riboregulators in this strain, the large standard deviations made the results not significantly different from the non-induced conditions (Figures 5E–G). Single induction of the crRNA/switchRNA molecules resulted again in activation of the riboregulator systems, also boosting the average cleavage survival although in a non-significant manner (Figures 5E–G). In addition, single induction of the taRNA when using RR12 reported a significant cleavage survival that reached 212.9% ± 34.04% (Figure 5E). Lastly, when assessing TetR under the control of the digitalised version of the xylS/pM expression system, induced conditions did not contribute to increases in cleavage survival at all (Figure 5H).
Relative data illustrated in Figure 5 was calculated separately for each strain and transformation. As aforementioned for the cleavage assays depicted in Figure 3, the absolute CFU numbers in the obtained plates were variable (Supplementary Table S6), with a dramatic reduction of CFU in strains transformed with the ScCas9-expressing plasmid.
4 DISCUSSION
This study describes the generation of a CRISPR-Cas9-mediated biocontainment strategy in P. putida and details direct and indirect mechanisms of transcriptional, post-transcriptional and post-translational control over the system. After knocking in a genotoxic CRISPR array that targets repetitive genomic elements, cell viability becomes challenged in the presence of a Cas9 protein. In this strain, equipped with the kill switch that we named GenoMine, the powerful lethal effect arises from the large collection of loci spread across the chromosome susceptible to the targeted cleavage (Figure 1). To trigger this chain reaction, Cas9 was configurated by means of kill switches that included some genetic regulatory elements never used before in P. putida.
When using engineered riboregulators, we found that conformational changes in RNA structures and corresponding intermolecular crRNA-taRNA and switchRNA-triggerRNA interactions resulted in the expected RBS exposition that unleashes translation (Figures 2B, C) (Isaacs et al., 2004; Green et al., 2014). However, flawed or incomplete repressive ability of the 5′-UTR cis elements of the crRNA and switchRNA molecules allowed undesired access of the ribosome to the RBS and subsequent post-transcriptional gene expression (Figure 2C). The cis RNA molecules of the different riboregulators used in this study (RR10, RR12 and Toehold 2.1) had previously shown silencing levels >98% derived from translational repression (Isaacs et al., 2004; Green et al., 2014). These experiments were performed in vivo at intermediate transcription rate in E. coli. While some silencing effect was exhibited, the leaky levels of gene expression that could be observed with the fluorescence data (Figure 2C) were high enough to obtain significantly similar outcomes when inducing only the cis RNA molecule, or both the cis and trans modules of the kill switches in the GenoMine strain (Figures 3, 5).
This behavioural difference of the cis elements of both conventional and toehold riboregulators between E. coli and P. putida and the common outcome reached by all three choices applied in this study (GFP, ScCas9 and TetR) suggest two things: (i) some degree of independence from the specific nucleotide sequences, and conversely, (ii) an influence of host-specific factors on crRNA and switchRNA loop conformation and stability as the cause of this phenomenon. Because the intermolecular RNA interactions rely on specific RNA structures, the utilised cis RNA sequences were initially generated based on appropriate secondary structure predictions (Isaacs et al., 2004; Green et al., 2014). While temperature is a function of the equilibrium constant ΔGcrR-crR and the optimal growth temperature is different for the two organisms in question, our Mfold analysis (Zuker, 2003) revealed an even lower value of ΔGcrR-crR at 30°C than at 37°C, indicating that these structures should be even more stable at P. putida’s growth conditions than at E. coli’s. On another note, host specific small RNAs (Prévost et al., 2007; Sonnleitner et al., 2011) or even RNA binding proteins that typically cause translational inhibition such as Crc (Moreno et al., 2007; Moreno et al., 2009) and Hfq (Sonnleitner and Bläsi, 2014) might interfere with the hybridisation loop of the crRNA and switchRNA molecules. Specifically, these proteins could have bound to the A-rich sequence upstream the cis elements of the riboregulators in the used vectors, since it has been shown that they bind to this type of motifs in Pseudomonas (Moreno et al., 2015; Hernández-Arranz et al., 2016). Even though the issues seem to originate from other intrinsic factors, further sequence- and structure-based efforts to characterise novel small RNAs (Zadeh et al., 2011; Apura et al., 2020; Pobre et al., 2020) in P. putida could help identifying cis repressing sequences that provide a robust and complete suppression of post-transcriptional expression.
Without the proper functioning of the cis repressing elements, the logic of the AND and NAND gates of the engineered riboregulators evolved into an ON/OFF mechanism (YES and NOT gates, respectively), similar to that of conventional inducible promoters. From the GenoMine strategy standpoint, this would not need to negatively affect their mission, as long as they would be able to offer a close to ON/OFF response when transitioning from non-induced to induced conditions. Key considerations in this regard would be: (i) high induced expression levels, and (ii) very low basal expression when no inducer is provided. These two properties were also accredited to the digitaliser module, which, unlike the riboregulators, had previously been evaluated in P. putida (Calles et al., 2019).
When controlling ScCas9, riboregulators showed high induced expression levels resulting in the desired complete (RR10 and RR12) or almost complete (Toehold 2.1) elimination of the cell population (Figures 3D–F). Conversely, while the GFP expression produced under the DM’s control (Figure 2E) seemed in accordance with prior results, the ScCas9 levels yielded under induced conditions of the digitalised xylS/pM were only able to kill off 61% of the GenoMine cell population (Figure 3G). Things get more complicated, however, when considering the basal expression when no inducer is provided. Even though the OFF state of the DM had previously shown zero transcription and the GFP assays depicted in Figure 2C reported very low expression levels when the riboregulators were not induced, ScCas9 had a strong effect on the population in absence of inducers. Since this influence was also observed in the strain lacking the CRISPR module, and when using a catalytically inactive version of ScCas9 (Supplementary Figure S2), we hypothesised that it occurs as a result of plasmid burden and ScCas9’s own toxicity (Jakočiūnas et al., 2016; Wu et al., 2016). Additionally, this may also hint that any level of leakiness no matter how small, can be very detrimental to the cell population. Another limitation of this system is the intrinsic instability of genetic circuits, particularly, the loss of functionality of the CRISPR-Cas9 mechanism due to homologous recombination between the direct repeats or mutations in one of the CRISPR-Cas9 elements. The short-term stability of the circuit was confirmed through sequencing prior to experimentation, colony PCR before cleavage assays, and subsequent exposure of surviving cells under permissive conditions to non-permissive conditions. The latter demonstrated that our kill switch maintained its functionality after one generation but began to lose it after an increasing number of generations (Supplementary Figure S1). This phenomenon is well known in the CRISPR community (Jiang et al., 2013; Aparicio et al., 2017; Azpiroz and Laviña, 2017; Asin-Garcia et al., 2021), but this long-term instability remains the biggest limitation of the GenoMine kill switch and a crucial focus for follow-up research on the evolution of genetic circuits.
Moving on to the control over TetR, the basal expression in absence of inducers stopped being an element of concern since leaky expression of the repressor would not significantly harm the functioning of the kill switches. Instead, the high induced expression levels became even more important given the crucial task that the repressors had of blocking the action of every ScCas9 protein. Unfortunately, the induced levels of TetR by means of any of the circuits were not sufficient to inhibit the pLtetO-mediated transcription of ScCas9 (Figures 5E–H).
After the unsuccessful attempt to control ScCas9’s response by inhibiting its DNA-binding with AcrIIA4 and by repressing its transcription with TetR, we are in need of more powerful repressing systems. This concerns a set of elements that is quite scarce in P. putida (Martin-Pascual et al., 2021), but that is strongly needed for the well-functioning of the GenoMine strategy. When we attempted the use of anti-CRISPR, we hypothesised that AcrIIA4 would effectively inhibit ScCas9, based on the effective inhibition of SpyCas9 by AcrIIA4 (Dong et al., 2017; Yang and Patel, 2017) and the fact that ScCas9 and SpyCas9 share a sequence similarity of 89.2%. However, the fact that the PAM-specificity of ScCas9 is different from SpCas9, and that AcrIIA4 acts preventing PAM-recognition, might be the factor that negatively influenced interactions between ScCas9 and AcrIIA4 (Figure 4). Regarding the transcriptional repression, we believe that the levels of TetR that were generated upon induction were simply not enough to completely inhibit ScCas9’s transcription, which, as we have explained, is able to significantly reduce cell population at very low expression levels. Consequently, alternative repressors with capabilities to work as genetic inverters by totally inhibiting ScCas9 need to be investigated to be placed under the control of genetic devices.
While heterologous circuits are typically designed and assumed to be orthogonal (no direct genetic crosstalk interaction) to the host cell genetic background (Wang et al., 2011; Moon et al., 2012), the performance of the different genetic networks used in this study shows otherwise. Most of the presumed orthogonal components and circuits have not been experimentally tested for their effects on different hosts’ genetic machinery (Liu et al., 2018). The original configuration of the riboregulators included the lacI/pLacIQ and tetR/pLtetO inducible expression systems for the transcriptional control of the RNA molecules (Gallagher et al., 2015). However, these two systems had shown erratic behaviour in previous P. putida studies (Martin-Pascual et al., 2021): an excess of leakiness in the case of the lacI/pLacIQ system, and an inconsistent ability of anhydrotetracycline (aTc) to inhibit TetR repression over pLtetO. The latter fact prevented us from properly using the whole (aTc)/tetR/pLtetO system as an inducible promoter, but still allowed us to use TetR as a repressor. Overall, these reasons motivated us to substitute them by the well-established xylS/pM and rhaRS/pRham. In addition, the xylS/pM system endowed with the ON/OFF digitaliser device had performed effectively when controlling the toxic antibacterial colicin E3 in P. putida (Calles et al., 2019). These circumstances evince, as many other investigations before (Wang et al., 2011; Cardinale et al., 2013; Bradley and Wang, 2015; Borkowski et al., 2016), that new configurations and bacterial hosts in the former case, and new controlled genes in the latter, can affect the final outcome of heterologous gene networks. Additionally, previous research has shown that circuit plasmid copy number plays an important role in host gene expression and dramatically affects orthogonality, burden and functionality of heterologous circuits (Liu et al., 2018). This key factor did not receive special attention during the course of this study since we consistently used medium copy number plasmids for the expression of the circuits. Nonetheless, it should be noted that for a genetic system where tight regulation is required to improve stability, even consistently using medium copy number plasmids may introduce too much stochastic variation between individual cells and across generations. In the future, more attention should be paid to achieving a balanced system behaviour by considering multiple compatible plasmids with different copy numbers to address the requirements of the GenoMine circuit in P. putida (Wang et al., 2011; Nielsen et al., 2016). Design of Experiments (DoE) would be a valuable tool for such a study. Nonetheless, the ideal scenario would be the one in which the whole system is integrated in the genome.
Apart from the ones contemplated in this study, other regulatory elements and genetic circuits could be considered to modulate the genotoxic response of the GenoMine strategy. Especially attractive would be the aforementioned exploration of gene expression repressing elements, and new mechanisms for inducible control over CRISPR-Cas system (Cañadas et al., 2019; Patinios et al., 2021; Zhao et al., 2021; Mecacci et al., 2023), given that the key element for the well-functioning of GenoMine is precisely the tight control of the cleavage performed by Cas9.
Once its elements are properly optimised, the GenoMine kill switch would pose an excellent strategy for biocontainment studies in P. putida since it brings together an effective killing mechanism and a modular sensing part that allows the characterisation of new genetic regulatory elements and circuits in this bacterium. While the general challenges of efficiency, stability and robustness typically associated to genetic circuits (Xia et al., 2019; Arnolds et al., 2021) keep being present, we aimed at accelerating the circuit’s response by using two different spacers with the ability of targeting multiple genomic loci. This is expected to reduce the time window for mutations and reorganisations, including recombination between CRISPR array direct repeats or deletion of CRISPR-Cas9 elements, that might end up inactivating the pressure, being this one of the vulnerable points of the circuit as mentioned above. In addition, industrial strains equipped with the GenoMine kill switch could be considered safe in a broader sense since, once optimised, they would have the ability to prevent any further genomic alteration made with CRISPR-Cas9-based editing technologies. Thus, this host might eventually be used as an intellectual property strain to prevent industrial espionage (Cai et al., 2015; Caliando and Voigt, 2015; Kim and Lee, 2020), to biologically store sensible information, and to use in any situation in which further modifications are undesired since it offers protection against any editing that involves Cas9. These industrially attractive features built upon the value of biosafety would contribute to the realisation of a more thorough, and ultimately more legitimised, safe-by-design approach in which the properties of the biocontainment strategy itself can also be profitable in other aspects of the industrial process or final application context (Asin-Garcia et al., 2023).
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