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ABSTRACT  20 

Antimicrobial resistance (AMR) is imposing a global public health threat. Despite its importance, 21 

characterizing drug resistance directly in the clinical isolates of resistant pathogens is frequently 22 

hindered by the lack of genome editing tools in these “non-model” strains. Pseudomonas 23 

aeruginosa is both a prototypical multidrug resistant (MDR) pathogen and a model species for 24 

CRISPR-Cas research. In this study, we report the successful development of a simple and efficient 25 

one-plasmid mediated, one-step genome editing approach in a paradigmatic MDR strain 26 

PA154197 by exploiting its native type I-F CRISPR-Cas system. The technique is readily 27 

applicable in two additional type I-F CRISPR-containing, clinical and environmental P. 28 

aeruginosa isolates.  A two-step In-Del strategy involving insertion and subsequent deletion of a 29 

tag nearby the desired editing site is further developed to edit the genomic locus lacking an 30 

effective PAM (protospacer adjacent motif) or within an essential gene, which principally allows 31 

any non-lethal genomic manipulation in the strains. With these powerful techniques, the resistant 32 

determinants of PA154197 were delineated in its native genetic background. Moreover, relative 33 

contributions and extensive synergy of different resistance determinants previously unrecognized 34 

by using laboratory strains were disclosed. The two efflux pumps with different substrate 35 

preference, MexAB-OprM and MexEF-OprN, synergistically expel fluoroquinolones, 36 

trimethoprim and chloramphenicol. Among the three resistant mutations synergizing 37 

fluoroquinolones resistance, gyrA mutations elicit a greater resistance than drug efflux by MexAB-38 

OprM or MexEF-OprN. These results advanced our understanding of the MDR development of 39 

clinical P. aeruginosa strains and demonstrated the great potentials of native CRISPR systems in 40 

AMR research. 41 

 42 
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IMPORTANCE 43 

Genome editing and manipulation often revolutionizes the understanding, exploitation, and control 44 

of microbial species. Despite the presence of well-established genetic manipulation tools in various 45 

model strains, their applicability in the medically, environmentally, and industrially significant, 46 

“non-model” strains is often hampered owing to the vast diversity of DNA homeostasis in these 47 

strains and the cytotoxicity of the heterologous CRISPR-Cas9/Cpf1 system. Harnessing the native 48 

CRISPR-Cas systems broadly distributed in prokaryotes with built-in genome targeting activity 49 

presents a promising and effective approach to resolve these obstacles. We explored and exploited 50 

this methodology in the prototypical multidrug resistant pathogen P. aeruginosa by exploiting the 51 

most common subtype of the native CRISPR systems in the species. Our successful development 52 

of the first type I-F CRISPR-mediated genome editing technique and its subsequent extension to 53 

additional clinical and environmental P. aeruginosa isolates opened a new avenue to the functional 54 

genomics of antimicrobial resistance in pathogens.  55 

 56 

KEYWORDS:  Multidrug resistance, Pseudomonas aeruginosa, Native CRISPR-Cas system, 57 

Multidrug efflux pump, Resistance synergy  58 

INTRODUCTION 59 

Antimicrobial resistance (AMR) is imposing an alarming threat to the global public health. Of 60 

particular challenging in clinics are those “ESKAPE” pathogens which are extraordinary to 61 

engender antibiotic resistance, i.e. Enterococcus spp., Staphylococcus aureus, Klebsiella spp., 62 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.. Owing to its intrinsic 63 

resistance to a variety of antimicrobials and the enormous capacity of developing acquired 64 
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resistance during antibiotics chemotherapies, Pseudomonas aeruginosa is recognized as the 65 

prototypical multidrug resistant (MDR) pathogen (1-4). Remarkably, in recent years, international 66 

high-risk clones of MDR P. aeruginosa have emerged and have been shown to cause worldwide 67 

outbreaks (5). Genetic analyses reveal that these clones often contain a complex set of resistance 68 

markers (6-8) including both the genetic variations that lead to resistance to specific classes of 69 

antibiotics, such as mutations in drug targets and acquisition of drug inactivation enzymes, and 70 

those conferring simultaneous resistance to multiple drugs, such as over-expression of multidrug 71 

efflux pumps. However, whether the genetic mutations identified by comparative genomics indeed 72 

contribute to the resistance phenotypes remains to be verified in the native genetic backgrounds of 73 

the strains. Furthermore, the relative contributions and the interplay of the different resistance 74 

determinants in shaping the MDR profile of the clinically significant resistant pathogens remain 75 

largely elusive.  76 

Current knowledge of the resistance determinants and their mechanisms are obtained largely by 77 

reconstitution of the identified genetic variations or over-expressing multidrug efflux pumps in 78 

laboratory model strains (9, 10). Several studies indicated that no obvious multiplicative or 79 

synergetic effects were observed between over-expression of multidrug efflux pumps and the 80 

mechanisms causing resistance to specific classes of antibiotics, such as over-expression of the 81 

cephalosporinase AmpC and mutations in the DNA gyrase GyrA or topoisomerase IV ParC (11-82 

14). It was proposed that synergistic interactions occur when different types of multidrug efflux 83 

systems operate simultaneously, i.e. the tripartite resistance-nodulation-division (RND) efflux 84 

pumps and the single component pump (e.g. TetA/C) (15). However, it is increasingly recognized 85 

that the genetic background of the resistant strains and epistasis among different resistant 86 

mutations play an important role in shaping the resistance profile of the clinical strains (16-18). 87 
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Hence, it is necessary to verify the functions of identified resistant mutations in the native genetic 88 

background of the clinical MDR strains. The major obstacle of these molecular characterizations 89 

is the lack of efficient and readily applicable genomic editing tools in these “non-model” strains. 90 

In addition to be a prototypical MDR pathogen, P. aeruginosa is an important model system for 91 

CRISPR-Cas research, especially the type I CRISPR-Cas system. Phylogenetic analysis revealed 92 

that CRISPR-Cas systems are widely distributed in global AMR P. aeruginosa isolates with more 93 

than 90% belonging to the I-E or I-F subtypes (19). Owing to its built-in genome targeting activity 94 

and reprogrammable feature, in recent years, repurposing the native CRISPR-Cas systems which 95 

are present in the vast number of prokaryotic genomes for genetic editing is emerging as an 96 

increasingly compelling strategy especially in those species with low transformation efficiency 97 

and poor homologous recombination. For instance, the native type I-B CRISPR-Cas system in C. 98 

tyrobutyricum, C. pasteurianum, H. hispanica (archaea) and the type I-A & III-B native CRISPR-99 

Cas systems in S. islandicus (archaea) have been successfully harnessed for genome editing in the 100 

corresponding species recently (20-23). Whether the broadly distributed native CRISPR-Cas 101 

systems in P. aeruginosa, especially the most common subtype of I-F, can be harnessed for 102 

genome editing and functional genomics of antimicrobial resistance remains unexplored. 103 

Previously, we have isolated a MDR P. aeruginosa strain PA154197 which displays high epidemic 104 

potentials with a resistance profile (resistant to five of the seven commonly used antipseudomonal 105 

drugs) comparable to the international high-risk clone ST175 (24). A large number of resistant 106 

mutations were predicted by genomic analysis, including mutations in the DNA gyrase gyrA and 107 

Cephalosporinase ampC which are associated with resistance to fluoroquinolones and β-lactams 108 

(25, 26), respectively, and gene mutations causing over-production of three multidrug efflux 109 

pumps MexAB, MexEF, and MexGHI (Table S1). Sequencing data reveal that PA154197 contains 110 
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a native type I-F CRISPR-Cas locus in its genome. These together make PA154197 a paradigm to 111 

establish a genome editing approach by exploiting its native CRISPR-Cas system and exploit the 112 

system for AMR characterization in the native genetic background of a clinical MDR isolate. 113 

We successfully developed a single plasmid-mediated, one-step precise genomic manipulation 114 

technique in PA154197 by exploiting its native type I-F CRISPR-Cas system, and a two-step In-115 

Del approach to edit the genomic loci lacking an effective PAM (protospacer adjacent motif) 116 

sequence. Exploiting this efficient technique, we revealed the key resistant determinants and the 117 

extensive synergy of different resistance mechanisms in shaping the MDR of PA154197 which 118 

were unrecognized by investigations in the laboratory strains. Moreover, the established genome 119 

editing system can be readily applied to two additional type I-F CRISPR-containing, clinical and 120 

environmental P. aeruginosa strains PA150567 and Ocean-100. These results demonstrated the 121 

general applicability of native CRISPR-based editing system in the characterization of resistance 122 

development of clinical MDR P. aeruginosa isolates, and presumably other species.  123 

 124 

RESULTS 125 

PA154197 contains a functional type I-F CRISPR-Cas system.  126 

Analysing the native CRISPR-Cas loci in PA154197 identified the type I-F signature genes cas8f, 127 

cas6f and the unique cas2-cas3 fusion of the system (Fig. 1A) (27). The cas operon of the system 128 

is found to be sandwiched by two convergent CRISPRs. Their consensus repeat sequence differs 129 

by only one nucleotide, and their spacers are nearly identical in size (32 bp). In addition, a number 130 

of spacers show significant homology to phage or putative prophage sequences (data not shown), 131 

suggesting the DNA interference potential of this system and the feasibility of exploiting this 132 

system for genome editing.  133 
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To harness the native CRISPR-Cas for genome editing, we first tested the genome targeting 134 

activity of the system. We selected mexB gene as the target gene for this purpose, which encodes 135 

the inner membrane component of the housekeeping efflux system MexAB-OprM. Previous 136 

studies revealed that the canonical target of the type I-F CRISPR-Cas system is 5’-CC-protospacer-137 

3’ (28) (note that our study follows the standard guide-centric PAM definition (29)). Hence, an 138 

internal 32-bp sequence preceded by a 5’-CC-3’ PAM in mexB is selected as the target (PAM-139 

protospacer). The 32-bp spacer flanked by 28-bp repeat sequences at both ends, termed as a mini-140 

CRISPR, is then cloned into the pMS402 vector, which contains a kanamycin-resistant gene and 141 

a lux reporter cassette (30), to generate the targeting plasmid pAY5233 (Fig. 1B). To ensure its 142 

expression and efficient targeting, a strong promoter Ptat (31) is selected to drive the expression 143 

of the mini-CRISPR. To overcome the poor antibiotics-based selection of transformants in MDR 144 

strains, the Ptat-mini-CRISPR is cloned upstream of the lux operon in pMS402 in frame such that 145 

Ptat simultaneously drives the expression of the CRISPR element and the lux operon which assists 146 

transformant screening (Fig. 1B). When pAY5233 and the control plasmid pAY5211 (which 147 

contains all the elements described above except the mini-CRISPR fragment) were introduced into 148 

PA154197 cells, a dramatic decrease of the transformants recovery was observed comparing to the 149 

non-targeting control (Fig. 1C), implying the occurrence of the detrimental chromosome cleavage 150 

in the cell. This result confirms that the native CRISPR-Cas system is active in PA154197. 151 

 152 

Harnessing the native type I-F CRISPR-Cas system to delete the resistance gene mexB.  153 

To exploit the system for gene deletion (ΔmexB as an example), we then assembled a 1-kb donor 154 

sequence consisting of the 500-bp upstream and 500-bp downstream of mexB for homologous 155 

recombination, and inserted it into pAY5233 to yield pAY5235, termed as the editing plasmid (Fig. 156 
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1D). The number of transformants of pAY5235 is significantly increased (by more than 10-fold) 157 

compared to pAY5233 (Fig. 1C), suggesting the occurrence of homologous recombination by the 158 

provision of the donor sequence. We randomly selected eight luminescence positive colonies for 159 

colony PCR and DNA sequencing validation and found four colonies showed the desired, scarless 160 

and precise deletion of mexB in the chromosome (Fig. 1E and 1F). These results demonstrate the 161 

success of genome editing by exploitation of the native type I-F CRISPR-Cas system in the clinical 162 

MDR isolate PA154197 by one-step introduction of a single editing plasmid. 163 

The success rate of 4/8 seemed moderate. However, we speculate that it was due to the unusually 164 

large size (3141 bp) of mexB rather than the efficiency of the editing technique, as subsequent 165 

attempts to delete shorter fragments, i.e. 50-bp, 500-bp, or 1000-bp deletion within mexB (Fig. 166 

S1A), yielded significantly improved success rate, i.e. 8/8 (50-bp deletion), 7/8 (500-bp deletion), 167 

and 7/8 (1000-bp deletion) (Fig. S1B). Hence, the native CRISPR-based editing strategy we 168 

developed is efficient to knock out a target gene, since the average gene length in prokaryotes is 169 

~1 kb (32). Indeed, the 4/8 successful rate for the 3-kb mexB is fairly high according to several 170 

recent reports (33, 34). Moreover, we found the editing plasmid can be readily cured following 171 

culturing the edited cells in the absence of the antibiotic (kanamycin) pressure overnight (Fig. S2), 172 

suggesting the feasibility of multiple rounds of gene editing using the reprogrammable pAY5235 173 

editing platform.  174 

To examine the applicability of the technique in other type I-F CRISPR-Cas containing P. 175 

aeruginosa strains, we set out to construct mexB deletion in a carbapenem resistant clinical strain 176 

PA150567 (accession number: LSQQ00000000) isolated from the Queen Mary Hospital, Hong 177 

Kong and an environmental strain Ocean-100 (accession number: NMRS00000000) isolated from 178 

the North Pacific Ocean (35). As expected, transformation of the targeting plasmid pAY5233 led 179 
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to DNA interference in the two strains, and the editing plasmid pAY5235 achieved the desired 180 

mexB deletion with comparable successful rate as in PA154197 (Fig. S3), confirming the general 181 

applicability of the developed editing system in clinically and environmentally isolated, “non-182 

model” P. aeruginosa strains. 183 

 184 

Over-expression of the MexAB-OprM and MexEF-OprN efflux pumps contributes 185 

significantly to the MDR of PA154197. 186 

Three multidrug efflux pumps MexAB-OprM, MexEF-OprN, MexGHI-OpmD were found to be 187 

hyper-expressed in PA154197 compared to PAO1 (24). To test their contribution to the resistance 188 

phenotype of the MDR strain, we first deleted mexB, mexF, and mexH, which encodes the inner 189 

membrane channel of the three efflux systems, respectively. We found that except for IPM, ΔmexB 190 

leads to significant decrease in the MICs of all five classes of common antipseudomonal antibiotics 191 

PA154197 is resistant to (Table 1), i.e. ATM (64 to 1), CAZ (16 to 2), TZP (32 to 0.5), MEM (4 192 

to <0.125), CAR (>128 to 1), LVX (32 to 16), and CIP (16 to 8), with a greater effect on the 193 

antipseudomonal β-lactams (CAR,, CAZ, MEM, ATM), and penicillin-β-lactamase inhibitor 194 

combinations (TZP) than on fluoroquinolones (LVX and CIP). ΔmexF leads to the decrease in 195 

MICs of antipseudomonal fluoroquinolones, i.e. LVX (32 to 16) and CIP (16 to 4), consistent with 196 

the previous report of the substrate profile of the pump using mexEF-oprN over-expression 197 

construct in PAO1 (36). Double deletion of mexB and mexF leads to dramatic decrease in MICs 198 

of all antipseudomonal antibiotics (except IPM) (Table 1) and several other antimicrobial agents 199 

tested (Table 2), suggesting that hyper-active drug efflux by these two pumps contributes 200 

significantly to the MDR profile of PA154197. Moreover, different from the observations obtained 201 

by over-expressing several P. aeruginosa efflux pumps in E. coli (15), significant synergy is 202 
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observed between the two tripartite efflux pumps in expelling their common substrates 203 

fluoroquinolones as evidenced by the MIC fold change in the ΔmexB ΔmexF double deletion strain 204 

(32-fold) relative to that in single deletion strain (2-fold decrease for LVX in both ΔmexB and 205 

ΔmexF, and 2- and 4-fold decrease for CIP in ΔmexB and ΔmexF, respectively). Disk diffusion 206 

test showed similar susceptibility changes in these strains (Fig. S4). Analysis of the growth curves 207 

of these strains in the absence of antibiotics suggested that the observed MIC alterations were not 208 

due to intrinsic disadvantages or defects in growth (Fig. S5). Unexpectedly, deletion of another 209 

efflux gene mexH which is also hyper-expressed in PA154197 (~40-fold higher than in PAO1) (24) 210 

did not lead to any detectable difference in the MICs of all the antibiotics and antimicrobial agents 211 

tested (Table 1 and 2), suggesting that it does not contribute to the antibiotic resistance of 212 

PA154197.  213 

 214 

A G226T point mutation in mexR is responsible for the mexAB-oprM over-expression.  215 

Over-expression of efflux genes is often caused by mutations in their transcription regulators. 216 

Comparative genomic analysis revealed a single nucleotide substitution G226T (corresponding to 217 

introducing a stop codon at E76) in PA154197 mexR compared to that in PAO1 (Fig. S6A). MexR 218 

is a transcription repressor of mexAB-oprM genes (Fig. 2A) and mutations or pre-mature 219 

termination of the protein often leads to over-production of the MexAB-OprM pump and MDR in 220 

the cells (37-39). To investigate whether this mutation accounts for the over-expression of mexAB-221 

oprM, we reprogramed the editing plasmid pAY5235 by replacing the mini-CRISPR and the donor 222 

sequences for mexB deletion with those for point mutation of mexR, respectively, and constructed 223 

the reverse mutation, i.e. T226G in mexR. Such editing results in the replacement of mexR gene in 224 

PA154197 with that from PAO1, hence, the resulting construct is designated as mexRPAO1. RT-225 
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qPCR analysis revealed that the transcriptional level of mexAB genes in the mexRPAO1 mutant is 226 

significantly reduced comparing with that in the wild-type PA154197, to a level that is similar in 227 

PAO1 (Fig. 2B and 2C), suggesting that the G226T mutation in mexR is responsible for the over-228 

expression of mexAB-oprM. Both MIC analysis and disk diffusion test confirmed that the 229 

antibiotics susceptibility profile is similar between the mexRPAO1 and ΔmexB cells (Table 1 and 2, 230 

Fig. S4). 231 

 232 

An advanced two-step In-Del strategy to edit mexT verifies its role in mexEF over-expression 233 

and repression of oprD. 234 

The mexT gene encodes a transcription regulator of the mexEF-oprN efflux system (Fig. 2A) (9). 235 

Our comparative genomic analysis identified an 8-bp deletion in the PA154197 mexT compared 236 

to PAO1 mexT (24). Notably, PAO1 belongs to the “type II” wild type P. aeruginosa strains in 237 

which MexT is produced as an intrinsically inactive, out-of-frame variant (Fig. S6B) (40). The 8-238 

bp deletion in PA154197 mexT principally enables the protein to be translated in-frame and 239 

produced as an active MexT transcription activator (40, 41). To verify this in the MDR strain 240 

PA154197, we attempted to construct the 8-bp insertion reverse mutation. However, the 241 

construction using the same one-step strategy for gene deletion and point mutation described above 242 

was not successful. Analysing the DNA sequence of the PAM-protospacer selected for the 8-bp 243 

insertion reveals the presence of two 6-bp repeats, which potentially obscures the recognition of 244 

the PAM and the subsequent DNA interference (Fig. S7).  245 

To overcome this limitation, we devised a two-step Insert-Delete (In-Del) strategy to achieve 246 

editing in these inefficiently targeted sites (Fig. 3A).  The approach bypasses the poorly targeted 247 

PAM-protospacer by exploiting a proximal auxiliary PAM (152-bp downstream of the desired 8-248 
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bp insertion site) which can be targeted efficiently to firstly insert a 32-bp short tag (5’-249 

TACAACAAGGACGACGACGACAAGGTGATCAG-3’) between the PAM and the 250 

protospacer. Insertion of the desired 8-bp is subsequently achieved in the second round of editing 251 

by exploiting the same PAM but a different protospacer sequence (termed as the PAM-tag-252 

protospacer) and the provision of a donor sequence which lacks the tag sequence but includes the 253 

desired insertion sequence, allowing simultaneous removal of the tag and introduction of the 254 

desired mutation (Fig. 3A). The success rate for the first and second round editing is found to be 255 

8/8 and 5/8 (Fig. 3B and 3C). This result demonstrates the success of our In-Del strategy, which 256 

principally allows genetic manipulations regardless of PAM limitation. 257 

The resulting mutant is designated as mexTPAO1. RT-qPCR analysis revealed that transcription 258 

level of the mexEF genes in the mexTPAO1 cells is reduced to a level that is similar in PAO1 (Fig. 259 

2D and 2E), suggesting that absence of 8-bp in mexT causes over-expression of mexEF-oprN in 260 

PA154197. Both MIC analysis and disk diffusion test confirmed that the antibiotics susceptibility 261 

profile is similar between the mexTPAO1 and ΔmexF cells (Table 1 and 2, Fig. S4). Notably, in 262 

addition to activate mexEF-oprN, MexT is also known to repress the expression of oprD (Fig. 2A), 263 

which encodes an important porin protein facilitating the diffusion of carbapenems antibiotics 264 

(especially IPM) (42). Hence, a reduced OprD production is frequently linked to increased 265 

tolerance to IPM resistance (43) which is observed in PA154197. We next conducted RT-qPCR 266 

analysis and found that the transcriptional level of oprD in the mexTPAO1 cells is 3-fold higher than 267 

in the PA154197 parent, to a level that is similar in PAO1 (Fig. 2D and 2E). MIC and disk diffusion 268 

assays show increased susceptibility of mexTPAO1 to IPM than the PA154197 parent (Table 1, Fig. 269 

S4). Together, these results indicate that the 8-bp deletion in mexT contributes to the resistance of 270 

PA154197 to fluoroquinolones and increased tolerance to IPM (breaking point of IPM is 4) by 271 
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simultaneously up-regulating the expression of mexEF-oprN and down-regulating the expression 272 

of oprD. 273 

 274 

Mutations in the essential gene gyrA constitutes another fluoroquinolone resistance 275 

determinant in PA154197.  276 

Although ΔmexB ΔmexF led to a dramatic decrease (32-fold) in MICs of the fluoroquinolones 277 

LVX (32 to 1) and CIP (16 to 0.5), the MIC values of the two antibiotics are still higher than that 278 

in PAO1 (both are 0.25), suggesting the presence of additional fluoroquinolone resistance 279 

determinants in PA154197. Two genetic variations in the DNA gyrase gene gyrA are identified in 280 

PA154197: the well-studied T248C substitution (corresponding to T83I) in the quinolone 281 

resistance determining region (QRDR) which abolishes (fluoro)quinolone binding (44), and a new 282 

genetic variation of 6-bp deletion (2723CCGAGT2728) in the C-terminal domain (CTD) of GyrA 283 

which is reported to fine-tune the ATP turnover and DNA supercoiling activity of the gyrase (45) 284 

(Fig. S6C). To investigate whether these genetic variations contribute to fluoroquinolone 285 

resistance, we employed the two-step In-Del strategy described above to replace the essential gene 286 

gyrA in PA154197 with that from PAO1, generating gyrAPAO1 (Fig. S8). MIC analysis and disk 287 

diffusion assay showed that this gene replacement leads to 8- and 4-fold decrease in the MICs of 288 

LVX and CIP, respectively (Table 1), suggesting that the genetic variations in gyrA also play a 289 

significant role in the fluoroquinolone resistance in PA154197. The fact that the MICs fold change 290 

in gyrAPAO1 relative to its PA154197 parent is consistent with that when the single T83I 291 

substitution is introduced into the laboratory strain PA14 (10) indicates that the contribution of 292 

gyrA mutation to the fluoroquinolone resistance of PA154197 is mainly due to the T83I 293 

substitution.  294 
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 295 

Extensive synergy of different resistant mutations are present in PA154197.  296 

Previous investigations of the antibiotic resistance determinants and the substrate profile of 297 

multidrug efflux pumps in the laboratory model strains (10, 36) is often incapable of revealing the 298 

relative contribution and synergy of multiple, different resistance determinants owing to its 299 

susceptible strain background. To explore this, we constructed a series of single, double and triple 300 

mutations using the efficient editing technique developed and examined the relative contributions 301 

and interplay of the identified resistance determinants in PA154197. As shown in Table 1, single 302 

deletion of mexB, mexF, or replacement of the gyrA gene with that of PAO1 (gyrA PAO1) led to a 303 

decrease of the LVX MIC to 1/2, 1/2, and 1/16 of the WT, and the CIP MIC to 1/2, 1/4, and 1/4 of 304 

the WT, respectively (Table 1), suggesting that mutations in gyrA play a greater role in causing 305 

fluoroquinolone resistance than the drug efflux by MexAB-OprM or MexEF-OprN. Inactivation 306 

of all three determinants (gyrAPAO1 mexRPAO1 mexTPAO1 strain) leads to the complete loss of 307 

resistance to LVX and CIP (MIC being 1/128 of the WT), confirming that the three resistance 308 

determinants synergizing fluoroquinolone resistance in PA154197. Interestingly, in the case of 309 

another quinolone antimicrobial agent nalidixic acid, single or double interference of mexB 310 

(mexRPAO1), mexF (mexTPAO1), and gyrA (gyrAPAO1) has no effect on the resistance to this agent, 311 

and only simultaneous interference of all three determinants leads to the decrease of MIC to 1/4 of 312 

the WT, suggesting that these three genetic variations cooperates NAL resistance.  313 

Our investigations above have demonstrated the synergy of MexAB-OprM and MexEF-OprN in 314 

expelling their common substrates of fluoroquinolones LVX and CIP. To further examine the 315 

substrates of these two efflux pumps and their interplay in expelling antimicrobials, the MIC 316 

alterations of several other antibiotics and antimicrobial agents are examined (Table 2). In addition 317 
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to LVX and CIP, we observed obvious synergy of the two pumps in the extrusion of trimethoprim 318 

(TMP) and chloramphenicol (CHL). Combining the MIC alterations in the ΔmexB, ΔmexF and 319 

ΔmexB ΔmexF presented in Table 1 and 2, a rather complete substrates profile of the two efflux 320 

pumps with relative substrates preference is mapped (Fig. 4). This information enriched our 321 

understanding of the relative contributions of resistance determinants and their interplay in 322 

clinically isolated MDR strains using PA154197 as a paradigm. 323 

 324 

DISCUSSION 325 

Emergence of resistance to multiple antimicrobial agents in pathogenic bacteria has become a 326 

significant global public health threat as there are fewer, or even sometimes no, effective 327 

antimicrobial agents to treat the infections caused by these bacteria. The MDR/XDR international 328 

high-risk clones of P. aeruginosa are especially challenging in therapeutics owing to their 329 

extraordinary drug resistance and rapid dissemination in hospitals worldwide (46-48). Previous 330 

molecular epidemic analyses have largely focused on identification of genetic variations in the 331 

resistant isolates in comparison with the model strain PAO1 (49). To our knowledge, there has 332 

been no systematic, targeted molecular investigations of resistance development characterized 333 

directly in the native genetic background of clinical MDR isolates. In this study, we report the first 334 

single-plasmid-mediated, one-step genome editing technique directly applicable in the native 335 

CRISPR-Cas containing, clinical P. aeruginosa strains, and its exploitation in AMR 336 

characterization which provided new insight into the contribution and interplay of resistant 337 

mutations in shaping the clinically significant MDR.  338 

In comparison with a recently reported heterologous Cas9-based genome editing method which 339 

requires successive transformation of two editing plasmids (33), and the conventional two-step 340 
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allelic exchange method (50) which takes more than two weeks to construct a mutant with an 341 

undesirable FLP site permanently remained in the edited site, our method using a single plasmid 342 

to achieve editing in one-step represents a more efficient and clean genome editing method which 343 

can be completed within one week, i.e. 3-4 days for constructing the editing plasmid and 2-3 days 344 

for the luminescence-assisted selection and verification. The two-step In-Del strategy further 345 

developed to circumvent the limitation of poorly targeted genomic loci principally allows us to 346 

conduct any non-lethal genetic manipulation in the bacterial genome (Fig. 5), greatly expanding 347 

and accelerating the molecular characterizations of the CRISPR-containing, MDR P. aeruginosa 348 

isolates. The methodology should be readily extended to other clinically significant pathogens, 349 

such as Acinetobacter baumannii and Klebsiella spp. to facilitate resistance characterization and 350 

interference in these species. 351 

Employing this powerful and efficient genome editing methodology, we not only verified the 352 

previously proposed resistant mechanisms but also revealed the interplay of different resistant 353 

determinants previously unrecognized by investigations in model strains. The G226T substitution 354 

in mexR is a newly identified point mutation occurred in PA154197 that leads to the de-repression 355 

of mexAB-oprM. Three resistant mutations are found to synergize fluoroquinolone resistance, and 356 

mutations in gyrA elicit a greater extent of resistance than over-production of MexAB-OprM or 357 

MexEF-OprN. We speculate that mutations leading to over-production of MexAB-OprM and 358 

MexEF-OprN proceed the gyrA mutations in PA154197 as it has been documented that drug efflux 359 

not only directly causes antibiotic resistance by expelling structurally diverse antibiotics but also 360 

drives the acquisition of additional resistance mechanisms by lowering intracellular antibiotic 361 

concentration and promoting mutation accumulation (14, 51). Repression of MexAB-OprM and 362 

MexEF-OprN efflux systems, de-repressing the expression of the porin OrpD, combined with 363 
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reverse mutations in gyrA literally converted the MDR clinical strain PA154197 to a susceptible 364 

strain (gyrA PAO1 mexRPAO1 mexTPAO1), confirming the key roles these resistance determinants 365 

play in shaping MDR in PA154197. Lastly, we dissected substrates profile and preference of the 366 

MexAB-OprM and MexEF-OprN efflux pumps and revealed the obvious synergy of the two 367 

pumps in expelling of fluoroquinolones, trimethoprim, and chloramphenicol. Notably, studies 368 

carried out in a susceptible reference P. aeruginosa strain and in E. coli showed no synergy 369 

between MexAB-OprM and MexEF-OprN in expelling fluoroquinolones (10, 15). This 370 

discrepancy may be due to the different genetic background of the strains used which underlie the 371 

importance of investigating resistance development in the native genetic background of resistant 372 

isolates. 373 

Although genome sequencing and comparative genomics can identify the genetic variations in 374 

resistance genes, whether and to what extent these variations contribute to the resistance phenotype 375 

cannot be disclosed merely by genomic and transcriptome analyses. For instance, we found that 376 

over-expression (~40 fold higher than in PAO1) of the efflux gene mexH and nucleotide 377 

substitution in parS does not contribute to the drug resistance in PA154197 (Table 1 and 2). These 378 

results suggest that not all genetic variations identified in resistance genes lead to the development 379 

of antibiotic resistance, further highlighting the importance of the targeted functional genomics 380 

investigations directly in the clinically isolated resistant strains.  381 

 382 

MATERIAL AND METHODS 383 

Bacterial strains, culture conditions. 384 

All the bacterial strains used and constructed in this study are listed in Table S2. E. coli DH5α is 385 

used for plasmid construction and is usually cultured at 37°C in Luria-Bertani (LB) broth or on the 386 
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LB agar plate supplemented with 20 μg/ml Kanamycin (KAN). P. aeruginosa PA154197 was 387 

isolated from the Queen Mary Hospital in Hong Kong, China (24). PA154197 and its derivatives 388 

were selected in LB (broth or agar) with 500 μg/ml KAN at 37°C. 389 

 390 

Plasmid construction.  391 

All the plasmids constructed and used in this study are listed in Table S2. Mini-CRISPR element 392 

consisting of two repeats flanking the PAM-protospacer was synthesized by BGI (Shenzhen, 393 

China). PCR was performed using the iProof™ High-Fidelity DNA Polymerase (Bio-Rad, USA). 394 

Mini-CRISPR elements and plasmid pAY5211 were digested using the restriction enzymes KpnI 395 

and BamHI (NEB, USA) and ligated using the Quick Ligation Kit (NEB, USA) to generate the 396 

targeting plasmid. Donor sequences which typically contain 500-bp upstream and 500-bp 397 

downstream of the editing sites were amplified by PCR and ligated into the linearized targeting 398 

plasmid (digested by XhoI (NEB, USA)) using the ClonExpress One Step Cloning Kit (Vazyme, 399 

China). All the constructed plasmids were verified by DNA sequencing (BGI, China). 400 

 401 

Transformation of PA154197.  402 

Electrocompetent PA154197 cells were prepared by firstly innoculoating a fresh colony in LB 403 

broth and grown at 37°C overnight with 220-rpm agitation. Following subculture into 50 ml fresh 404 

LB broth and growing to OD600 = 0.5, cells were collected by centrifugation and washed three 405 

times with cold autoclaved Milli-Q H2O. The resulting cells were resuspended into 1 ml Milli-Q 406 

H2O. 100 μl electrocompetent PA154197 cells were then mixed with 1 μg editing plasmid and 407 

subject to electroporation (BTX, USA). 1 ml cold LB broth was added to recover the cells. 408 

Following culturing at 37°C for 1 h with agitation, cells were pelleted and resuspended in 100 μl 409 
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LB for spreading (LB+KAN500). Transformants colonies were obtained after incubation at 37°C 410 

for 16-20 h.  411 

 412 

Mutant screening and verification.  413 

Colonies were firstly subjected to luminescence screening using the Synergy HTX Plate Reader 414 

(Bio Tek, USA). Colonies with high luminescent intensity were further verified by colony PCR 415 

using Taq DNA polymerase (Thermal Scientific, USA) with indicated primers and DNA 416 

sequencing (BGI, China). Sequencing results were visualized using DNA sequencing software 417 

Chromas (Technelysium Pty Ltd, Australia) 418 

 419 

Curing of editing plasmid.  420 

P. aeruginosa cells underwent one round of editing was streaked onto the LB ager plate and 421 

incubated at 37°C overnight. Single colony was selected and the curing was verified by the failure 422 

of growth in LB with 100 μg/ml KAN.  423 

 424 

Minimum inhibitory concentration (MIC) measurement.  425 

MIC was measured following the standard protocol of ASM with slight modification (52). A single 426 

fresh colony of PA154197 was inoculated in LB medium overnight at 37°C with agitation. 427 

Overnight culture was then diluted to cell density of 105/ml, and 200 μl of the cells were distributed 428 

to each well of the 96-well plate. Antibiotics were then added with final concentrations ranging 429 

from 0.25 to 128 µg/ml. Plates were incubated at 37°C for 16-20 h and MIC value was determined 430 

by absorbance at 600 nm. 431 

 432 
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Reverse transcription (RT)-quantitative PCR (qPCR).  433 

Bacterial cells from overnight culture were harvested by centrifugation at 4°C. Total RNA was 434 

extracted using RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s instruction. 435 

Reverse transcription was performed using PrimeScript RT reagent Kit (Takara, Japan). qPCR was 436 

performed using specific primers and the SYBR Green PCR master mix (Applied Biosystems, 437 

USA) in a 20 μl reaction system. The reaction was performed in ABI StepOnePlus real time PCR 438 

system with recA and clpX as reference genes to normalize the relative expression of the target 439 

genes. The results were expressed as fold change of the expression of target genes, and results 440 

were presented as the mean of three independent biological isolates. 441 

 442 

Disk diffusion assay.  443 

20 µl overnight culture as described above was mixed with 5 ml melted LB top agar (0.75 %) and 444 

poured on an LB agar plate. After the agar was solidified, round filter paper disks were placed. 5µl 445 

antibiotic solution (2 mg/ml) was added to the center of the paper disks. The plates were incubated 446 

at 37°C for 16 h. 447 

 448 
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FIGURE AND TABLE LEGENDS 616 

FIG 1 Repurposing the functional native CRISPR-Cas system for gene deletion. (A) 617 

Schematic representation of the native type I-F CRISPR-Cas in PA154197. Diamonds and 618 

rectangles indicate the repeat and spacer units of a CRISPR array, respectively. Curved arrows (in 619 

black) above the leader sequence (in brown) indicate the orientation of CRISPR transcription. The 620 

consensus repeat of the two CRISPR arrays differs by one nucleotide (in red). (B) Schematic 621 

showing the design of the mexB-targeting plasmid (pAY5233) and the mexB-deletion donor. The 622 

mini-CRISPR in pAY5233 comprises a 32-bp spacer (in blue) targeting the mexB gene and two 623 

flanking repeats (in yellow), and is co-expressed with the reporter lux operon (in green) under the 624 

control of the strong promoter Ptat. The PAM sequence is framed. The donor (in pink) consists of 625 

sequences upstream (U1) and downstream (D1) of mexB. The KpnI and BamHI sites are used for 626 

mini-CRISPR insertion and the XhoI site is used for one-step cloning of the donor. (C) 627 

Representative plates showing the transformation efficiency of the vector control pAY5211, the 628 

targeting plasmid pAY5233, and the editing plasmid pAY5235. (D) Design of the mexB-deletion 629 

plasmid pAY5235 which contains both the self-targeting CRISPR and the repair donor. (E) Eight 630 

randomly selected transformants were subjected to colony PCR to screen for the ΔmexB mutants 631 

(positive clones are highlighted in red). Primers used in colony PCR (F1/R1) are indicated in panel 632 

(B). (F) The screened ΔmexB mutants in (E) were further validated by DNA sequencing. 633 

 634 

FIG 2 Expression levels of the mexAB, mexEF and oprD genes in PAO1, PA154197 and its 635 

isogenic mutants mexRPAO1, mexTPAO1. (A) Schematic showing the regulation of mexAB-oprM, 636 

mexEF-oprN and oprD in P. aeruginosa. MexR represses the expression of mexAB-oprM; MexT 637 

activates mexEF-oprN and represses oprD. (B&C) Transcription alteration of mexA and mexB in 638 
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PA154197 and in PAO1, and in PA154197 and its isogenic mexRPAO1 mutant. Transcription of 639 

mexF in the two strains serves as a negative control whose expression is not affected by MexR. 640 

(D&E) Transcription alteration of mexE, mexF and oprD in PA154197 and in PAO1, and in 641 

PA154197 and its isogenic mexTPAO1 mutant. Transcription of mexA in the two strains serves as a 642 

negative control whose expression is not affected by MexT.  643 

 644 
FIG 3 The two-step In-Del editing strategy (taking insertion of 8 bp into mexT as an example). 645 

(A) Schematic design of the two-step In-Del method. In the first step, a 32-bp exogenous DNA 646 

sequence (tag, in pink) is introduced to an auxiliary target site (in blue), between its PAM and 647 

protospacer portions. In the second step, a tag-targeting CRISPR, as well as a tag-lacking donor 648 

which contains the desired mutation (8-bp insertion in this case), is provided to simultaneously 649 

remove the exogenous tag and achieve the desired mutation. (B) Randomly selected luminescence 650 

positive colonies from the two steps were subjected to colony PCR using the primers F3/Seq-R3 651 

(indicated in panel A). Desired mutants are highlighted in red. (C) Targets in the potential mutants 652 

from the two steps were amplified using the primers Seq-F3/Seq-R3 (indicated in panel A) and 653 

validated by DNA sequencing. Representative DNA sequencing results from the two steps are 654 

shown, where the tag sequence is shown in pink. 655 

 656 

FIG 4 Substrate scheme of the MexAB-OprM and MexEF-OprN efflux systems. Substrate 657 

profiles of the MexAB-OprM and MexEF-OprN and their preferences are shown schematically 658 

based on the MIC alterations (Table 1 and 2) in the ΔmexB, ΔmexF, ΔmexB ΔmexF and gyrAPAO1 659 

mexTPAO1 mexRPAO1 cells relative to the WT. The greater the MIC changes in the single mutant 660 

relative to the WT, the stronger substrates they are denoted. The strength of the substrate 661 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 17, 2018. ; https://doi.org/10.1101/496711doi: bioRxiv preprint 

https://doi.org/10.1101/496711
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

preference is expressed by the color key shown, except for the CHL, NAL and TMP (in grey) 662 

which MICs were only changed in double or triple mutants. 663 

 664 
FIG 5 Schematic diagram of the native type I-F CRISPR-Cas mediated genome editing in 665 

PA154197 and its exploitations in functional genomics investigation. Desired mutants with 666 

altered resistance (or virulence, other physiology) can be obtained in one step by introducing a 667 

programmable editing plasmid, which carries a mini-CRISPR (expressing a crRNA) and a repair 668 

donor, into the MDR/XDR PA154197 cells with ready luminescence selection. The crRNA directs 669 

the Cascade complex to the target. Recombination occurs between the repair donor and the target 670 

area to prevent the target interference, resulting in the desired mutation. Two-step editing can be 671 

utilized to obtain mutations in the genetic loci that cannot be well targeted by CRISPR. A red 672 

asterisk indicates a resistant determinant in PA154197. Cells containing the editing plasmid 673 

expressing the lux genes are shown in light green. 674 

 675 

Table 1. MICs (μg/ml) of various antipseudomonal antibiotics in PAO1, PA154197 and its isogenic 676 

mutants 677 

 678 

Table 2. MICs (μg/ml) of various antibiotics and antimicrobial agents in PAO1, PA154197 and its 679 

isogenic mutants 680 

 681 

FIGURE AND TABLE LEGENDS FOR SUPPLEMENTAL MATERIALS 682 

FIG S1 Effect of desired truncation lengths on the efficiency of editing. (A) Schematic diagram 683 

of the genetic locus of mexB and adjacent region. Desired truncation fragments of 50 bp (B1, 74-684 
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123), 500 bp (B2, 74-573), 1000 bp (B3, 74-1073), the full length (mexB, 1-3141), and the primers 685 

to test these truncations are shown. (B) Positive clones of each of truncations in eight randomly 686 

selected transformants are highlighted in red. 687 

 688 

FIG S2 Curing of the editing plasmid in the edited cells. Edited cells could not grow in the 689 

presence of kanamycin (100 μg/ml) after plasmid curing, which was achieved by culturing the 690 

edited cells without antibiotic pressure overnight. 691 

 692 

FIG S3 Harnessing the native type I-F CRISPR-Cas system for genome editing in other P. 693 

aeruginosa isolates. The single editing plasmid pAY5235 was transformed in the clinical P. 694 

aeruginosa isolate PA150567 and the environmental isolate Ocean-100 to achieve mexB deletion 695 

in one-step. Eight randomly selected luminescent transformants were subjected to colony PCR to 696 

screen for the desired ΔmexB mutants. Positive clones are highlighted in red. Primers used in 697 

colony PCR are indicated in Figure 1B. 698 

 699 

FIG S4 Disk diffusion assay of the antibiotic susceptibilities of PA154197 and its isogenic 700 

mutants. Disk diffusion test is conducted to examine the susceptibility of PA154197 and its 701 

isogenic mutants to eight antipseudomonal drugs (A) and six other antibiotics and antimicrobial 702 

agents (B). Larger inhibition zone represents the higher susceptibility to the indicated antibiotics.  703 

 704 

FIG S5 Growth curves of PA154197 and its isogenic mutants in the absence of antibiotics. 705 

No difference of growth among PA154197 and its isogenic mutants were observed. 706 

 707 
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FIG S6 Comparative genomics reveals mutations in the key antibiotic resistance genes mexR, 708 

mexT and GyrA in PA154197. (A) The point mutation (G226T) in PA154197 mexR gene leads 709 

to premature termination of its protein product. (B) An 8-bp deletion in PA154197 mexT relative 710 

to that in PAO1 converts the out-of-frame mexT product to the in-frame, active form of mexT 711 

product. (C) PA154197 gyrA gene contains a T248C substitution (corresponding to T83I in the 712 

GyrA protein) in the quinolone resistance-determining region (QRDR) and a 2723CCGAGT2728 6-713 

bp deletion (corresponding to the deletion of E959&S960) in the C terminal domain of the gene 714 

product.  715 

 716 

FIG S7 Non-efficient targeting at the desired editing site in the mexT gene. (A) Schematic 717 

showing the desired 8-bp insertion (CGGCCAGC) into the mexT gene. The 6-bp repeat sequences 718 

(in red) in the target which potentially obscure the targeting by the CRISPR-Cas apparatus are 719 

shown. PAM is shown in frame. (B) No desirable DNA interference was observed by transforming 720 

the mexT-targeting plasmid pAY5900 into PA154197 cells in comparison with the control plasmid 721 

pAY5211. Note that no repair donor was provided in this plasmid. 722 

 723 

FIG S8 Replacing the essential gene gyrA with that from PAO1 using the two-step In-Del 724 

method. (A) Schematic showing the two-step strategy for gyrA gene replacement. The tag 725 

sequence (in pink) is first introduced downstream of gyrA (in orange) between the PAM and 726 

protospacer portions of a selected target (in blue). In the second step, a tag-targeting plasmid 727 

carrying the repair donor (Del-donor) is provided. Del-donor lacks the tag sequence but contains 728 

the gyrA gene (in dark blue) from PAO1, which is flanked by two ~1000-bp sequences upstream 729 

and downstream of the PA154197 gyrA gene. The primer pairs F/Seq-R and Seq-F/Seq-R were 730 
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used for the colony PCR analysis in (B) and DNA sequencing, respectively. (B) Eight luminescent 731 

positive transformants from each editing step were randomly selected for colony PCR analysis. 732 

Desired mutants confirmed by DNA sequencing are highlighted in red. 733 

 734 

Table S1. A summary of mutational changes in the antibiotic resistance (AR) genes in PA154197 735 

by comparative genomic analysis 736 

 737 

Table S2. Bacterial strains, plasmids used in this study 738 

 739 
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FIG 1 Repurposing the functional native CRISPR-Cas system for gene deletion. (A) 

Schematic representation of the native type I-F CRISPR-Cas in PA154197. Diamonds 

and rectangles indicate the repeat and spacer units of a CRISPR array, respectively. 

Curved arrows (in black) above the leader sequence (in brown) indicate the orientation of 

CRISPR transcription. The consensus repeat of the two CRISPR arrays differs by one 
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nucleotide (in red). (B) Schematic showing the design of the mexB-targeting plasmid 

(pAY5233) and the mexB-deletion donor. The mini-CRISPR in pAY5233 comprises a 

32-bp spacer (in blue) targeting the mexB gene and two flanking repeats (in yellow), and 

is co-expressed with the reporter lux operon (in green) under the control of the strong 

promoter Ptat. The PAM sequence is framed. The donor (in pink) consists of sequences 

upstream (U1) and downstream (D1) of mexB. The KpnI and BamHI sites are used for 

mini-CRISPR insertion and the XhoI site is used for one-step cloning of the donor. (C) 

Representative plates showing the transformation efficiency of the vector control 

pAY5211, the targeting plasmid pAY5233, and the editing plasmid pAY5235. (D) 

Design of the mexB-deletion plasmid pAY5235 which contains both the self-targeting 

CRISPR and the repair donor. (E) Eight randomly selected transformants were subjected 

to colony PCR to screen for the ΔmexB mutants (positive clones are highlighted in red). 

Primers used in colony PCR (F1/R1) are indicated in panel (B). (F) The screened ΔmexB 

mutants in (E) were further validated by DNA sequencing. 
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FIG 2 Expression levels of the mexAB, mexEF and oprD genes in PAO1, PA154197 

and its isogenic mutants mexRPAO1, mexTPAO1. (A) Schematic showing the regulation of 

mexAB-oprM, mexEF-oprN and oprD in P. aeruginosa. MexR represses the expression 

of mexAB-oprM; MexT activates mexEF-oprN and represses oprD. (B&C) Transcription 

alteration of mexA and mexB in PA154197 and in PAO1, and in PA154197 and its 

isogenic mexRPAO1 mutant. Transcription of mexF in the two strains serves as a negative 

control whose expression is not affected by MexR. (D&E) Transcription alteration of 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 17, 2018. ; https://doi.org/10.1101/496711doi: bioRxiv preprint 

https://doi.org/10.1101/496711
http://creativecommons.org/licenses/by-nc-nd/4.0/


mexE, mexF and oprD in PA154197 and in PAO1, and in PA154197 and its isogenic 

mexTPAO1 mutant. Transcription of mexA in the two strains serves as a negative control 

whose expression is not affected by MexT.  
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FIG 3 The two-step In-Del editing strategy (taking insertion of 8 bp into mexT as an 

example). (A) Schematic design of the two-step In-Del method. In the first step, a 32-bp 

exogenous DNA sequence (tag, in pink) is introduced to an auxiliary target site (in blue), 

between its PAM and protospacer portions. In the second step, a tag-targeting CRISPR, 

as well as a tag-lacking donor which contains the desired mutation (8-bp insertion in this 

case), is provided to simultaneously remove the exogenous tag and achieve the desired 

mutation. (B) Randomly selected luminescence positive colonies from the two steps were 

subjected to colony PCR using the primers F3/Seq-R3 (indicated in panel A). Desired 

mutants are highlighted in red. (C) Targets in the potential mutants from the two steps 

were amplified using the primers Seq-F3/Seq-R3 (indicated in panel A) and validated by 
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DNA sequencing. Representative DNA sequencing results from the two steps are shown, 

where the tag sequence is shown in pink. 
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FIG 4 Substrate scheme of the MexAB-OprM and MexEF-OprN efflux systems. 

Substrate profiles of the MexAB-OprM and MexEF-OprN and their preferences are 

shown schematically based on the MIC alterations (Table 1 and 2) in the ΔmexB, ΔmexF, 

ΔmexB ΔmexF and gyrAPAO1 mexTPAO1 mexRPAO1 cells relative to the WT. The greater the 

MIC changes in the single mutant relative to the WT, the stronger substrates they are 

denoted. The strength of the substrate preference is expressed by the color key shown, 

except for the CHL, NAL and TMP (in grey) which MICs were only changed in double 

or triple mutants. 
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FIG 5 Schematic diagram of the native type I-F CRISPR-Cas mediated genome 

editing in PA154197 and its exploitations in functional genomics investigation. 

Desired mutants with altered resistance (or virulence, other physiology) can be obtained 

in one step by introducing a programmable editing plasmid, which carries a 

mini-CRISPR (expressing a crRNA) and a repair donor, into the MDR/XDR PA154197 

cells with ready luminescence selection. The crRNA directs the Cascade complex to the 

target. Recombination occurs between the repair donor and the target area to prevent the 

target interference, resulting in the desired mutation. Two-step editing can be utilized to 

obtain mutations in the genetic loci that cannot be well targeted by CRISPR. A red 

asterisk indicates a resistant determinant in PA154197. Cells containing the editing 

plasmid expressing the lux genes are shown in light green. 
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Table 1. MICs (μg/ml) of various antipseudomonal antibiotics in PAO1, PA154197 and its isogenic mutants 

Strains ATM CAZ TZP MEM CAR LVX CIP IPM 

PAO1 4 1 2 0.5 32 0.25 0.25 2 

PA154197 64 16 32 4 >128 32 16 4 

Mutations lead to increased drug susceptibilities: 

ΔmexB 1 (1/64) 2 (1/8) 0.5 (1/64) <0.125 

(1/32) 

1 (1/128) 16 (1/2) 8 (1/2) 4 

ΔmexF 64 16 32 4 >128 16 (1/2) 4 (1/4) 4 

ΔmexB ΔmexF 0.5 (1/128) 2 (1/8) 0.5 (1/64) <0.125 

(1/32) 

1 (1/128) 1 (1/32) 0.5 (1/32) 4 

mexR PAO1 4 (1/16) 4 (1/4) 4 (1/4) 0.5 (1/8) 64 (1/2) 16 (1/2) 8 (1/2) 4 

mexT PAO1 64 16 32 4 >128 16 (1/2) 4 (1/4) 2 (1/2) 

mexR PAO1 mexT PAO1 4 (1/16) 4 (1/4) 4 (1/4) 0.25 (1/16) 64 (1/2) 2 (1/16) 0.5 (1/32) 2 (1/2) 

gyrA PAO1 64 16 32 4 >128 2 (1/16) 4 (1/4) 4 

gyrA PAO1 mexR PAO1 4 (1/16) 4 (1/4) 4 (1/4) 0.5 (1/8) 64 (1/2) 2 (1/16) 0.5 (1/32) 4 

gyrA PAO1 mexT PAO1  32 16 32 4 >128 2 (1/16) 0.5 (1/32) 2 (1/2) 

gyrA PAO1 mexR PAO1 mexT PAO1 4 (1/16) 4 (1/4) 4 (1/4) 0.25 (1/16) 64 (1/2) 0.25 (1/128) <0.125 (1/128) 2 (1/2) 

Mutations do not lead to increased drug susceptibilities: 

ΔmexH 64 16 32 4 >128 32 16 4 

parS PAO1 64 16 32 4 >128 32 16 4 

ATM: Aztreonam; CAZ: Ceftazidime; TZP: piperacillin-tazobactam; MEM: Meropenem; CAR: Carbenicillin; LVX: Levofloxacin; CIP: Ciprofloxacin; IPM: 

Imipenem 
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Table 2. MICs (μg/ml) of various antibiotics and antimicrobial agents in PAO1, PA154197 and its isogenic mutants 

Strains NAL TMP CRO TET CHL SDS 

PAO1 32 32 4 8 32 >128 

PA154197 >128 128 64 32 >128 >128 

Mutations lead to increased drug susceptibilities: 

ΔmexB >128 64 (1/2) 16 (1/4) 8 (1/4) >128 >128 

ΔmexF >128 128 64 32 >128 >128 

ΔmexB ΔmexF >128 4 (1/32) 8 (1/8) 4 (1/8) 4 (1/32) >128 

mexR PAO1 >128 64 (1/2) 8 (1/8) 8 (1/4) >128 >128 

mexT PAO1 >128 128 64 32 >128 >128 

mexR PAO1 mexT PAO1 >128 32 (1/4) 8 (1/8) 8 (1/4) 16 (1/8) >128 

gyrA PAO1 >128 128 64 32 >128 >128 

gyrA PAO1 mexR PAO1 >128 64 (1/2) 8 (1/8) 8 (1/4) >128 >128 

gyrA PAO1 mexT PAO1  >128 128 64 32 >128 >128 

gyrA PAO1 mexR PAO1 mexT PAO1 32 (1/4) 32 (1/4) 8 (1/8) 8 (1/4) 16 (1/8) >128 

Mutations do not lead to increased drug susceptibilities: 

ΔmexH >128 128 64 32 >128 >128 

parS PAO1 >128 128 64 32 >128 >128 

NAL: Nalidixic acid; TMP: Trimethoprim; CRO: Ceftriaxone; TET: Tetracycline; CHL: Chloramphenicol; SDS: Sodium dodecyl sulfate 
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