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A pooled CRISPRi screen to probe Pseudomonas aeruginosa gene vulnerability 
during murine lung infection and phage predation 
 

Neha Prasad 

Abstract 

Despite their extraordinary ability to cure infectious diseases, most antibiotics have dose-

limiting, off-target toxicities that impede the clinical development of novel small molecule 

candidates targeting multi-drug resistant pathogens. For existing antibiotic targets, large 

dosages of antibiotics are needed to achieve the requisite cellular potency to clear the 

bacterial burden during infection. In this work we explore strategies to lower the required 

dosage by identifying genetic vulnerabilities of the pathogen Pseudomonas aeruginosa 

during lung infection and antibacterial therapy administration. We probe these genetic 

vulnerabilities with Mobile-CRISPRi, a genetic tool that enables partial genetic inhibition 

and detection of hypersensitivity to clearance by the immune system or predation by 

bacteriophage. Designing chemical inhibitors that mimic the genetic inhibition leading to 

loss of bacterial fitness during lung infection or phage therapy may provide an avenue for 

future antibacterial development efforts. 

Chapter 1 profiles antibiotics with Gram-negative activity that have been discontinued 

during clinical development over the last decade, largely due to toxicity issues in phase 1 

clinical trials; 
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Chapter 2 details the construction of a Mobile-CRISPRi system in Pseudomonas 

aeruginosa with constitutive promoters driving dCas9 activity and its implementation in a 

murine pneumonia model to recapitulate the attenuation of virulence through inhibition 

of the transcriptional activator exsA; 

Chapter 3 entails the construction of a pooled Mobile-CRISPRi library in Pseudomonas 

aeruginosa, where each strain has a distinct essential gene knocked down, and the 

implementation of this library in a murine pneumonia model to detect in vivo genetic 

vulnerabilities; 

Chapter 4 features genetic and proteomic efforts to identify Pseudomonas aeruginosa 

determinants of hypersensitization to killing by DMS bacteriophage.  
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Chapter 1 

Shortcomings of antibiotic clinical development  

Abstract  

The WHO has warned that our current arsenal of antibiotics is not innovative enough to 

face impending infectious diseases, especially those caused by multi-drug resistant 

Gram-negative pathogens. Though the current preclinical pipeline is well-stocked with 

novel candidates, the last FDA-approved antibiotic with a novel mechanism of action 

against Gram-negative bacteria was discovered nearly 60 years ago. Of all the antibiotic 

candidates that initiated INDs in the 2000s, 17% earned FDA approval within 12 years, 

while an overwhelming 62% were discontinued in that time frame. These “leaks” in the 

clinical pipeline, where compounds with clinical potential are abandoned during clinical 

development, indicate that scientific innovations are not reaching the clinic and 

providing benefits to patients. This is true for not only novel candidates, but also for 

candidates from existing antibiotic classes with clinically validated targets. By identifying 

the sources of the leaks in the clinical pipeline, future developmental efforts can be 

directed towards strategies that are more likely to flow into clinical use. In this review, we 

conduct a detailed failure analysis of clinical candidates with Gram-negative activity that 

have fallen out of the clinical pipeline over the past decade. Though limited by 

incomplete data disclosure from companies engaging in antibiotic development, we 
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attempt to distill the developmental challenges faced by each discontinued candidate. It 

is our hope that this insight can help de-risk antibiotic development and bring new, 

effective antibiotics to the clinic. 

Introduction 

Bacterial resistance to antibiotics is a growing public health crisis: 1.27 million global 

deaths were attributed to multidrug resistance (MDR) in 2019.  (1) Left unchecked, MDR 

could lead to 10 million global annual deaths in 2050. (2, 3) Modern medicine relies on 

antibiotics to control secondary bacterial infections from routine procedures like surgery 

and chemotherapy. These secondary infections may become untreatable due to 

antibiotic-resistant bacteria, escalating the risk of common medical procedures.  

Of the most threatening MDR pathogens identified by the CDC (4) and WHO (2), Gram-

negative bacteria (GNB), including Klebsiella pneumoniae (of the Enterobacteriaceae 

family), Acinetobacter baumannii, and Pseudomonas aeruginosa, stand out as urgent 

unmet needs. In addition to their general intrinsic resistance to antibiotics, all three have 

developed critical resistance to the carbapenem class of antibiotics, leaving limited 

alternative treatment options. (5, 6) Despite the growing threat of untreatable infections, 

the 2020 global antibiotic clinical pipeline contained only 23 candidates with GNB 

activity, none of which belonged to a new class. (7) The high incidence of cross-

resistance with existing antibiotics implies that resistance development to these new 

agents is closely trailing. (8) While the success rate from phase 1 trials to FDA approval for 

https://paperpile.com/c/9JoO9d/xuUs
https://paperpile.com/c/9JoO9d/Fof7J+iUVlt
https://paperpile.com/c/9JoO9d/imw4
https://paperpile.com/c/9JoO9d/Fof7J
https://paperpile.com/c/9JoO9d/kT4bM+vTZ3N
https://paperpile.com/c/9JoO9d/CoOCw
https://paperpile.com/c/9JoO9d/sHCMx


3 
 

all antibacterial therapeutics between 2011–2020 was 16.3%, (9) the last FDA-approved 

antibiotic with a novel mechanism of action against GNB was discovered nearly 60 years 

ago.  

Clinical studies initiated in the 1980s and 1990s (largely cephalosporins, fluoroquinolones, 

and macrolides) had high success rates, with 40% of candidates obtaining market 

approval in a median time of 6 years. However, of the 61 antibiotics approved for use 

between 1980–2009, 43% have been withdrawn by the FDA, and the 6 antibiotics 

withdrawn due to safety issues were all fluoroquinolones. Moreover, the number of 

antibacterial Investigational New Drug (IND) applications filed with the FDA between 

2010–2019 is the lowest it has been in the past 4 decades. (10)  In spite of the unique 

challenges of antibiotic discovery, (11–14) 72% of candidates in the current global 

preclinical pipeline represent novel classes, with overlapping cellular targets and 

mechanisms of action that are distinct from those of antibiotics used in the clinic today. 

(7, 15) The consequences of failure are unbearable for the small companies that drive 

antibiotic development and for the future of a society that so heavily depends on 

efficacious antibiotics.  

Here we profile antibiotic candidates with GNB activity that have fallen out of the clinical 

pipeline over the last decade and identify trends in their development. These vignettes 

are limited by the extent of information disclosure by the companies pursuing these 

candidates, but we hope to inform future discovery and development efforts by 

https://paperpile.com/c/9JoO9d/C2ZD
https://paperpile.com/c/9JoO9d/RwV7c
https://paperpile.com/c/9JoO9d/KYTn+znGl+dlLa+Liu3
https://paperpile.com/c/9JoO9d/JUWZU+CoOCw
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highlighting patterns in these failures. Stronger predictors of success may enable more 

diverse candidates from the preclinical pipeline to enter a de-risked clinical pipeline and 

emerge as FDA-approved therapeutics.  

Results 

Overview of the clinical development pipeline for GNB-active 

antibiotics (2010–2020) 

The clinical development pipeline for systemic GNB-active candidates over the past 

decade is detailed in Table 1.1. Despite the desperate need for antibiotics with novel 

targets and high target diversity in the preclinical pipeline, most candidates in clinical 

development are from clinically validated classes (Figure 1.1)—presumably due to the 

higher perceived risk of pursuing a non-clinically validated target. While half of all classes 

in development contain an antibiotic that has been approved in the past 10 years, the 

other half comprises unexploited antibiotic targets: MurA, tRNA synthetases, LpxC, and 

LptD. 
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Figure 1.1: GNB-active clinical candidates by class and clinical trial status 
Antibiotic classes that have undergone clinical development between 2010–2020 are 
represented as circles. Segments are colored according to proportions of candidates in 
that class that have been approved (blue), are currently in clinical development (green), 
or have been discontinued (red).  
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Although most discontinued candidates are first-time entrants into the clinical 

development pipeline, some candidates have traversed the pipeline as a different 

formulation (for example, inhalation therapies) or purposed for other indications (for 

example, label expansions). The remainder of this review profiles the journey of the 13 

first-time entrants that have fallen out of the clinical pipeline. These select candidates 

target components of the outer membrane (OM), DNA replication, protein translation, 

and PBPs (Figure 1.2A). The structural diversity (Figure 1.2B) reflects the variety of 

mechanisms of action employed to inhibit GNB growth. Most of these candidates were 

discontinued after phase 1 (Figure 1.2C) due to safety concerns (Figure 1.2D).  

Discontinued candidates with clinically validated targets 

B-lactam derivatives 

Degradation of β-lactams by β-lactamases is a common resistance mechanism that has 

been partially addressed by structural optimization of the β-lactam scaffold, adjunctive 

administration of β-lactamase inhibitors (BLIs), and attachment of a siderophore for 

improved cellular uptake. (16)  Among the many attempts since 1980 to overcome 

resistance by attaching an iron-chelating group to a β-lactam, (17, 18) cefiderocol was the 

first siderophore-antibiotic conjugate to gain FDA approval in 2019. No other clinical-

stage siderophore-β-lactam conjugate (cefetecol, BAL30072, GSK3342830, GT-1) has 

progressed past phase 1 trials.  

https://paperpile.com/c/9JoO9d/AOQ3C
https://paperpile.com/c/9JoO9d/Y9ZQb+iIGQ2
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BAL30072 

BAL30072 is a siderophore-monobactam conjugate developed by Basilea Pharmaceutica 

(Basel, Switzerland) derived from tigemonam, with an appended dihydroxypyridinone 

moiety for iron chelation. Portions of the structure resemble aztreonam and avibactam. 

BAL30072 exhibits bactericidal activity against P. aeruginosa, Acinetobacter species, and 

Enterobacteriaceae and is stable to metallo-β-lactamases. (19, 20) While most 

monobactams singularly inhibit PBP3, BAL30072 also engages the bifunctional PBPs 1a 

and 1b in E. coli. (19) Accordingly, while filamentation is usually observed in E. coli cells 

treated with monobactams targeting PBP3, (21) BAL30072 triggers spheroplasting prior 

to lysis. (19) This spheroplasting phenotype is also elicited by some bicyclic β-lactams 

(22) and β-lactamase enhancers that target PBP2. (23)   

Several in vitro studies indicate the synergy of BAL30072 in combination with 

meropenem or colistin against various MDR GNB clinical isolates. (24–26) In vivo synergy 

was evaluated in soft-tissue infection models of rats challenged with A. baumannii: While 

BAL30072 showed statistically significant activity, the addition of meropenem was not 

additive, synergistic, or antagonistic. (24) This finding may be rationalized: BAL30072 and 

carbapenems both inhibit PBP2 in A. baumannii, limiting the pair’s success to mere 

additive effects. The synergy of these antibiotics might be exploited against 

Enterobacteriaceae or P. aeruginosa, where they have complementary PBP-binding 

profiles. (26) In murine septicemia, the combination therapy offered protection against 

https://paperpile.com/c/9JoO9d/FYz4X+q9ALE
https://paperpile.com/c/9JoO9d/FYz4X
https://paperpile.com/c/9JoO9d/HLm2p
https://paperpile.com/c/9JoO9d/FYz4X
https://paperpile.com/c/9JoO9d/pckwu
https://paperpile.com/c/9JoO9d/gffVq
https://paperpile.com/c/9JoO9d/qnErD+y6Dlj+T7KxR
https://paperpile.com/c/9JoO9d/qnErD
https://paperpile.com/c/9JoO9d/T7KxR
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carbapenem-resistant P. aeruginosa and MDR A. baumannii—the former due to 

complementary PBP binding profiles, and the latter possibly due to complementary β-

lactamase binding profiles. (26) 

A 2010 phase 1 SAD study reported no serious adverse events at doses up to 8 g. The 

MAD study established a maximum tolerated dose, limited by elevated ALT levels. In 2014, 

Basilia initiated another phase 1 MAD study of BAL30072, both alone and in combination 

with meropenem. When 2 g BAL30072 was administered as 1-h IV infusions every 8 h (6 

g/day), or when 4 g of BAL30072 administered as continuous 22-h infusions for 6 days, 

abnormally high ALT levels were observed in almost all healthy study subjects as early as 

3 days post-treatment, and development of the IV formulation was ceased. (27) In vitro 

studies revealed that BAL30072 inhibits the mitochondrial electron transport chain, β-

oxidation, and glycolysis in HepG2 liver cells at concentrations of 100–200 µM, which is 

clinically relevant only after long-term exposure. (27, 28) These findings were unexpected 

given positive toxicity studies in rats and marmosets dosed with BAL30072 for 4 weeks. 

(27)  

To assess utility for UTI, urinary concentrations of BAL30072 were analyzed in MAD study 

subjects. (26, 28) Bactericidal activity against P. aeruginosa was weak in urine, presumably 

due to low concentration of iron and consequent competition with native siderophores. 

(28) Basilea also began preclinical studies of an inhalation formulation for treatment of 

https://paperpile.com/c/9JoO9d/T7KxR
https://paperpile.com/c/9JoO9d/aF9ao
https://paperpile.com/c/9JoO9d/ocCoa+aF9ao
https://paperpile.com/c/9JoO9d/aF9ao
https://paperpile.com/c/9JoO9d/T7KxR+ocCoa
https://paperpile.com/c/9JoO9d/ocCoa
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pulmonary infections in CF patients, which was stopped in 2016 due to lack of confidence 

in the candidate’s success. (29)  

GSK3342830 

GlaxoSmithKline (London, UK) and Shionogi (Osama, Japan) initiated a collaboration in 

2010 to discover novel cephem antibiotics with GNB activity, yielding two promising 

cephalosporin-siderophore conjugates. In 2015, Shionogi retained rights to cefiderocol, 

which became the first siderophore-antibiotic conjugate to gain FDA approval, (30) and 

GlaxoSmithKline retained rights to the catechol-cephem GSK3342830.  

Phase 1 GSK3342830 trials began in 2017. (31) In the SAD component, PK properties 

consistent with other cephalosporins, including cefiderocol, and no severe adverse 

events were detected at doses up to 6 g. (32) In the MAD study, 11 subjects received 1 g 

GSK3342830 as a single IV infusion on day 1, 3-times-a-day IV infusions on days 2 

through 14, and a single IV infusion on day 15. 4 participants discontinued the treatment 

due to headache, malaise, and/or fever, and 1 had high ALT levels leading to automatic 

discontinuation. The 6 subjects remaining in the study experienced malaise, headache, 

and fever with an onset between 9–10 days, and a general decrease in platelet counts (32) 

While symptoms could be related to known off-target binding to the 5HT-3 serotonin 

receptor, this interaction seemed physiologically unlikely. (32) GSK3342830 was 

discontinued following these results in 2018. 

https://paperpile.com/c/9JoO9d/2NmJ
https://paperpile.com/c/9JoO9d/igs6P
https://paperpile.com/c/9JoO9d/iMNCk
https://paperpile.com/c/9JoO9d/VsLOc
https://paperpile.com/c/9JoO9d/VsLOc
https://paperpile.com/c/9JoO9d/VsLOc
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GT-1 & GT-055 

GT-1 (LCB10-0200) is a siderophore-cephalosporin conjugate developed by LegoChem 

Biosciences (Daejeon, Korea) in a joint venture with Geom Therapeutics (San Francisco, 

CA, USA). The candidate features the same dihydroxypyridinone siderophore appendage 

present in BAL30072 and a similar side chain to ceftazidime. GT-1 demonstrated efficacy 

against P. aeruginosa in murine models of systemic, thigh, respiratory tract, and urinary 

tract infections. (33) Its activity spectrum also covers MDR Enterobacteriaceae and A. 

baumannii. (34) The candidate was paired with GT-055 (LCB18-055), a diazabicyclooctane 

BLI with intrinsic activity against PBP2. (35, 36)  

A phase 1 study was registered in Australia in 2019. (37) Only 8 participants were enrolled 

in this trial when it was terminated due to unspecified safety reasons, presumably 

hepatotoxicity.  

AIC499 

AIC499 is a monobactam bearing high resemblance to aztreonam with notable activity 

against MDR A. baumannii and P. aeruginosa. Structural analysis shows hydrophobic 

interactions between the phenyl portion of the head group with PBP3, while the 

piperidine portion has a dynamic configuration with lesser impact on binding yet 

beneficial PK/PD properties. (38) The candidate was noted to have potent antibacterial 

activity when co-administered with a BLI, though the combination that AiCuris Anti-

https://paperpile.com/c/9JoO9d/uU6mc
https://paperpile.com/c/9JoO9d/bgYj5
https://paperpile.com/c/9JoO9d/TkaT6+fYFGr
https://paperpile.com/c/9JoO9d/lfUn0
https://paperpile.com/c/9JoO9d/6nD9x
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infective Cures GmbH (Wuppertal, Germany) pursued in clinical trials was unspecified. 

Phase 1 began in Austria in 2017, with phase 2 planned for cIAI and cUTI. These results are 

unpublished, and the candidate was removed from the company’s pipeline in 2019 for 

undisclosed reasons. 

Fluoroquinolone derivatives  

Fluoroquinolones began receiving FDA approval in the late 1960s for treating UTIs and 

respiratory tract infections, but the FDA has issued many side effect warnings for these 

antibiotics since 2008. Reports of these adverse events during post-marketing 

surveillance led to the withdrawal of several fluoroquinolones. Second- and third-

generation fluoroquinolones like ciprofloxacin, levofloxacin, and moxifloxacin are still 

used to treat GNB infections.  

DS-8587 

DS-8587 is a broad-spectrum fluoroquinolone synthesized by Daiichi Sankyo (Tokyo, 

Japan) with enhanced bactericidal activity against Acinetobacter baumannii. The 

candidate retains the core structure of post-second-generation fluoroquinolones, most 

closely resembling moxifloxacin; however, the fluorination of the cyclopropyl group, the 

C7 octahydrocyclopentapyrrole, and the methylated C8 distinguish the candidate from 

the newer generation candidates that have other fused pyrrolidines at C7 and an ether or 

no functionality at C8. The dual-targeting compound has micromolar IC50 values for A. 

baumannii ParC and GyrA enzymes, high potency against clinical isolates of A. baumannii 
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with mutated ParC and GyrA domains, and low resistance frequency and efflux pump 

susceptibility. (39) In a murine calf muscle infection, efficacy was correlated with 

AUC/MIC values, like other quinolones. (40)  

Daiichi Sankyo previously marketed three fluoroquinolones (ofloxacin, levofloxacin, and 

sitafloxacin), but DS-8587 development was discontinued in 2014 after phase 1 for 

unexplained reasons. 2017 studies revealed the in vivo efficacy of DS-8587 against 

Fusobacterium necrophorum, a pathogenic obligate GNB anaerobe, in murine liver 

abscess. (41)    

KPI-10 

KPI-10 (WQ3813) is a synthetic fluoroquinolone, bearing similarity to 4th-generation 

trovafloxacin, discovered by Wakunaga Pharmaceutical (Osaka, Japan). The broad-

spectrum activity against Enterobacteriaceae, MDR Acinetobacter species, N. 

gonorrhoeae, and notable Gram-positive organisms including methicillin resistant 

Staphylococcus aureus (MRSA) and S. pneumoniae. (42–44) pointed towards the 

candidate’s utility in treating both CABP and UTI infections.  

Kalidex Pharmaceuticals (Menlo Park, CA, USA) licensed the global development and 

commercialization rights to the candidate. Phase 1 of the oral formulation began in 2012. 

The SAD study demonstrated a favorable safety and PK profile, supporting a daily oral 

https://paperpile.com/c/9JoO9d/Tzl3C
https://paperpile.com/c/9JoO9d/91h7K
https://paperpile.com/c/9JoO9d/p76by
https://paperpile.com/c/9JoO9d/rnmiO+CDXse+76sQW
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dosing regimen. (45) Clinical development was discontinued for undisclosed reasons, 

and Kalidex reportedly ceased operation in 2016.  

Tetracycline derivatives 

TP-2758 

Tetraphase (Watertown, MA, USA) optimized the convergent total synthesis of 

tetracycline to access analogs that are inaccessible by semi-synthesis. (46) This approach 

produced one clinically approved antibiotic (eravacycline) and two other phase-1 

candidates (TP-271 and TP-6076). TP-2758, with a chiral 8-pyrrodinyl substitution, was 

discovered while generating a series of novel 7-methoxy-8-heterocyclyl tetracycline 

analogs. (47) Derivatives of tetracyclines, called glycylcyclines, were developed to 

combat the rise of tetracycline resistance. While most tetracyclines are orally dosed, 

glycylcyclines like tigecycline are restricted to IV dosing. TP-2758 was projected to 

become the first orally bioavailable glycycline.  

TP-2758 was more potent than tigecycline against A. baumannii and Enterobacteriaceae, 

and both oral and IV dosing of TP-2758 significantly reduced the burden of infection in 

murine pyelonephritis induced by E. coli or MDR K. pneumoniae. (48) Oral bioavailability 

values vary between animal species: while tetracycline has oral bioavailabilities of only 

14.9% in rats and 6.7% in monkeys, it is greater than 70% in humans. (48) TP-2758 had oral 

bioavailabilities of 8.62% in rats and 30.4% in monkeys, implying higher oral bioavailability 

https://paperpile.com/c/9JoO9d/si6xa
https://paperpile.com/c/9JoO9d/as0O6
https://paperpile.com/c/9JoO9d/ikKDO
https://paperpile.com/c/9JoO9d/JEKzm
https://paperpile.com/c/9JoO9d/JEKzm
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in humans than tetracycline. (48) Phase 1 studies (49) for oral formulation began in 2011, 

but results are unavailable. TP-2758 was removed from the company’s pipeline in 2013, 

and Tetraphase was acquired by La Jolla Pharmaceutical Company in 2020.  

Polymyxin derivatives 

Polymyxins are cationic cyclic peptides (net charge of +5) thought to selectively disrupt 

and permeabilize the GNB OM to result in bactericidality, though evidence suggests that 

they may have more than one target. (50) When polymyxins were first introduced to the 

clinic, they were quickly abandoned due to high incidences of dose-limiting 

nephrotoxicity and neurotoxicity. (51) However, with the rise of MDR Gram-negative 

pathogens, this class has resurged in the clinic as a last-resort therapy. (52) The two 

clinically administered polymyxins, polymyxin B (PMB) and colistin, are manufactured by 

fermentation as an impure, heterogeneous mix of related compounds. CB-182,804 was 

the first polymyxin to undergo clinical trials under the FDA’s oversight.   

CB-182,804 

BioSource Pharmaceuticals (Spring Valley, NY, USA) developed a semi-synthetic route to 

substitute the N-terminal fatty acyl group that contributes to the toxicity of PMB utilizing 

a deacylase enzyme from the microorganism Actinoplanes utahensis. (53) After 

screening many urea-linked halophenyl functionalities for antimicrobial activity, the 2-

chlorophenylurea derivative, CB-182,804, emerged as a lead candidate. The candidate 

had bactericidal activity against E. coli, K. pneumoniae, P. aeruginosa, and A. baumannii. 

https://paperpile.com/c/9JoO9d/JEKzm
https://paperpile.com/c/9JoO9d/qJAkb
https://paperpile.com/c/9JoO9d/tiyc4
https://paperpile.com/c/9JoO9d/qcScN
https://paperpile.com/c/9JoO9d/yvPhs
https://paperpile.com/c/9JoO9d/u9g4U


20 
 

Cubist Pharmaceuticals (Lexington, MA, USA) obtained a provisional license for the 

candidate, and subsequent patents were filed jointly to further develop the strategy. (54)  

The MICs of CB-182,804 against 5,000 clinical isolates were only two-fold higher than 

PMB, with observable cross-resistance. (55) Similarly, in vivo efficacy in murine P. 

aeruginosa lung and A. baumannii thigh infection models were comparable for the two. 

(56) However, the EC50 values against a rat renal tubule cell line were >1000 mg/L for CB-

182,804 and 318 mg/L for PMB. (56) In Cynomolgus monkeys dosed 6.6 mg/kg/day 3-

times-a-day for 7 days, CB-182,804 showed limited renal tubular histological changes, 

whereas PMB exhibited renal tubular degeneration; at a higher dose of 9.9 mg/kg/day, 

CB-182,804 elicited only a slight increase in blood urea nitrogen and serum creatinine, 

whereas PMB elicited severe signs of nephrotoxicity. (57) CB-182,804 also demonstrated 

more favorable PK/PD parameters than PMB, including decreased serum protein binding, 

increased plasma clearance, increased volume of distribution, and less systemic 

exposure—as well as a lower Cmax. (57) Clinical trials began in February 2009, but 

development of this molecule ceased in 2010, presumably due to nephrotoxicity issues. 

(58) Cubist was acquired by Merck Pharmaceuticals in 2015.  

SPR741 

SPR741 (NAB741) is a fully synthetic PMB derivative that was designed to curtail 

nephrotoxicity issues associated with this class through reduced positive charge (3+) 

and removal of the highly lipophilic fatty-acid side chain in PMB. (59) In a rat model, renal 
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clearance of SPR741 was 400-fold higher than colistin, suggesting improved safety-

related PK properties. (59) Despite having weak antibacterial activity, sub-MIC dosing of 

SPR741 enhances the permeation of other antibiotics through the OM. (60) In vivo 

studies confirm this potentiation with expanded azithromycin coverage against MDR 

Enterobacteriaceae, (61) and synergy with rifampicin against XDR A. baumannii. (62) 

In a phase 1 drug-drug interaction study, IV dosing of other antibiotics (1.0 g of 

ceftazidime, 4.5 g of piperacillin-tazobactam, or 1.0 g of aztreonam) with 400 mg SPR741 

did not significantly affect concentration-versus-time profile, clearance, or half-life of 

either drug. (63) In the MAD study, 25% of subjects experienced decreased creatinine 

clearance across all drug-dosage cohorts: 3 in 600-mg, 1 in 400-mg, 1 in 150-mg, 1 in 50-

mg. (63) Of these 6 subjects, 5 had normal creatinine levels at day 16, while one from the 

600-mg cohort had a moderate increase in serum creatinine level above baseline level 

that began on day 14. SPR741 was discontinued in January 2020 and replaced by SPR206, 

a different polymyxin analog from the potentiator platform. While SPR741 was developed 

as an antibiotic adjuvant, SPR206 has antibacterial activity as a standalone therapy and 

boasts a potentially superior safety and efficacy profile than SPR741.  
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Discontinued candidates with clinically unprecedented targets 

Murepavadin (LptD inhibitor)  

Inspired by the antimicrobial host defense peptide protegrin I, Polyphor Ltd. (Allschwil, 

Switzerland) synthesized and screened a library of β-hairpin-shaped macrocyclic protein 

epitope mimetics for antimicrobial activity. (64–67) While initial leads exhibited hemolysis 

of red blood cells and degradation by serum enzymes, optimization towards antibacterial 

activity yielded the clinical candidate murepavadin (POL-7080). (67, 68) Murepavadin 

reportedly targets the β-barrel protein LptD, (68–70) an essential (71) surface-exposed 

OM protein that acts in a complex (72–74) to incorporate LPS into the OM of GNB. The 

differential N-terminal lengths of LptD among GNB is thought to confer the specificity of 

murepavadin to the P. aeruginosa protein. (68) In preclinical studies, murepavadin 

outperformed comparator antibiotics, including colistin, against even XDR P. aeruginosa 

clinical isolates. (75, 76) Though oral bioavailability was low in rats, subcutaneous 

administration in humans yielded a bioavailability of 67–79% and a half-life of 5–8 h. The 

discovery and development of murepavadin has previously been reviewed. (77) 

Roche (Basel, Switzerland) obtained a license to develop and commercialize murepavadin 

in 2013. Six phase 1 studies explored the safety, tolerability, and PK of murepavadin: a 

combined SAD and MAD study in healthy male subjects; (78) a multiple-dose study 

evaluating the penetration of murepavadin into the lungs; (79) a drug-drug interaction 

investigation of murepavadin with colistin, (80) and with amikacin; (81) a TQT study with 
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SAD; (82) and a SAD study of murepavadin in subjects with renal function impairment. 

(83) Systemic exposure to murepavadin increased in subjects with renal function 

impairment, indicating a need for dose-adjustment based on creatinine clearance rate. 

(84) Despite Roche returning the murepavadin development license to Polyphor in 2015, 

two phase 2 studies were successfully completed: a 14-day dosage of murepavadin in 

subjects with acute exacerbation of non-cystic fibrosis bronchiectasis due to P. 

aeruginosa infection (85) and a MAD study of murepavadin co-administered with SOC in 

subjects with VABP due to P. aeruginosa infection. (86) In the latter study, clinical cure 

was achieved in 10 out of 12 (83%) patients with confirmed P. aeruginosa, and the 28-day 

all-cause mortality rate in this population was 9%. (87) 

Though murepavadin’s narrow spectrum of activity provides advantages as a treatment 

option, it complicated the phase 3 clinical trial design. (88) While phase 1 and 2 tested 

murepavadin as a monotherapy, the ethics of phase 3 trials in pneumonia patients 

necessitated the coadministration of murepavadin with a broad-spectrum drug. (88) The 

co-administered antibiotic needed to have no pseudomonal activity, to avoid 

confounding the results of the trial. Ertapenem, a first-line therapy for CABP, was 

ultimately chosen for coadministration, and the appropriate dosing for HABP/VABP was 

determined. (88) 

Murepavadin underwent two separate phase 3 trials to test its efficacy in HABP/VABP 

infection due to P. aeruginosa. (89, 90) The FDA-approved non-inferiority study (PRISM-
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UDR) (89) compared murepavadin + ertapenem to 1 β-lactam antibiotic to treat 

HABP/VABP driven by P. aeruginosa in clinical centers with low incidence of MDR. The 

EMA-approved study (PRISM-MDR), (90) in contrast, compared murepavadin + 1 anti-

pseudomonal antibiotic to 2 anti-pseudomonal antibiotics in clinical centers with high 

incidence of MDR to assess murepavadin efficacy over SOC. Though 25–40% incidence 

of kidney injury was anticipated based on the comparator arm, 56% of patients treated 

with murepavadin in the VABP study showed evidence of acute kidney injury. (91) 

Polyphor terminated IV formulation development as of July 2019 due to nephrotoxicity 

concerns. Murepavadin was the only GNB-active clinical candidate in this decade to be 

discontinued after phase 3. Polyphor continued pre-clinical development of an inhalation 

formulation of murepavadin, and clinical trial authorization was granted in the United 

Kingdom in December 2020. 

ACHN-975 (LpxC inhibitor) 

LpxC is a cytosolic zinc-dependent metalloenzyme that catalyzes the first committed 

step of lipid A biosynthesis. While many antibiotic discovery programs have pursued 

LpxC inhibitors, (92) Achaogen’s (South San Francisco, CA, USA) structure-based 

discovery effort yielded the first LpxC inhibitor to advance into clinical trials. Like other 

previously patented LpxC inhibitors, (93, 94) this synthetic compound contains a 

hydroxamic acid moiety that coordinates the catalytic Zn2+ and a long hydrophobic tail 

that interacts with the active site tunnel.  
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While the genetic sequence of LpxC is highly conserved across GNB, the subtle structural 

differences in LpxC influence the potency and dynamics of inhibition. (95) ACHN-975 

exhibited optimal efficacy when the dose was administered once-daily for P. aeruginosa, 

but administered multiple times a day for E. coli and K. pneumoniae, so an intermittent 

high-dose regimen was established to treat respiratory P. aeruginosa infections. (96) The 

possibility of resistance emergence set the minimum required dose: at concentrations 4-

fold higher than the MIC, the frequency of resistance ranged from 10-7–10-10 in P. 

aeruginosa clinical isolates. (96) However, ACHN-975 induces bradycardia in preclinical 

animal models, (97) setting a maximum tolerated dose.  

In 2012, a phase 1 SAD study to assess the candidate’s safety, tolerability, and PK in 50 

healthy volunteers (98) was completed. The therapeutic window was deemed insufficient 

due to concentration-driven dose-limiting cardiovascular toxicity (transient hypotension 

without tachycardia), which occurred in the first subject who received an 18 mg/kg 

infusion. (99) A 2013 MAD study (100) was prematurely terminated after enrolling four 

subjects. Participants encountered inflammation at the infusion site after repeat dosing 

of 4 mg/kg, three-times-a-day for 3–4 days. 

In 2015, Achaogen began an optimization program focusing on P. aeruginosa. (99) This 

pathogen was more sensitive to LpxC inhibition in in vivo models than 

Enterobacteriaceae species, and the structural features of P. aeruginosa LpxC seemed 

more amenable for curtailing drug toxicity. (99) To investigate structure-toxicity 
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relationships, a high content assay in anesthetized rats was developed to assess 

maximum tolerated concentrations. (99) Cardiovascular toxicity was attributed to a 

nonspecific effect of basic amines so a new candidate was identified with a wider 

therapeutic window. With the removal of the amine, this new candidate was non-

solubilizable at 10–100 mg/mL concentrations using acidic pH. (99) To overcome 

solubility issues and accommodate the anticipated dose of >1 g per day, the hydroxyl tail 

was converted to a phosphate prodrug. Surprisingly, this new prodrug, dosed in a simple 

aqueous formulation, demonstrated cardiovascular toxicity in the anesthetized rat 

model, even though the parent molecule, dosed in a pH-adjusted hydroxypropyl-

cyclodextrin, did not. (99) Compounds and insights from these studies were passed on to 

Forge Therapeutics (San Diego, CA, USA) after Achaogen filed for bankruptcy in 2019.  

RC-01 (LpxC inhibitor) 

FUJIFILM Toyama Chemical Co. Ltd. (Toyoma, Japan) screened compounds with 

malonamide, a derivative of the zinc-chelating hydroxamic acid, for LpxC activity. RC-01 

(T-1228) was identified as a lead compound, exhibiting sub-nanomolar IC50 against LpxC 

and bactericidal activity against P. aeruginosa and Enterobacteriaceae. (101) In vitro 

exposure of RC-01 to GNB reduces the release of LPS, (102) corroborating in vivo data 

from other LpxC inhibitors that decrease LPS-dependent stimulation of the host immune 

system, thereby attenuating bacterial virulence. (103) In mouse models of P. aeruginosa-

induced pneumonia and E. coli-induced UTI, the most highly correlated PK/PD parameter 
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with efficacy was fAUC/MIC. (104) The frequency of resistance to RC-01 at 4x MIC was  

10-7–10-8. (105)  

In 2019, Recida Therapeutics (Menlo Park, CA, USA) licensed the development and 

commercialization rights for RC-01 outside of Japan. LpxC-associated cardiovascular 

toxicity was unapparent with RC-01: atleast 400 mg/kg/day was tolerated in 2-week 

repeated IV dosing in rats and dogs, with unreported fAUC and Cmax. (106) Two 

formulations of RC-01 were pursued: an inhalation therapy for respiratory infections and 

IV therapy for systemic infections. The programs were prematurely terminated after 

enrolling 8 subjects in a phase 1 SAD study (107) for unspecified safety reasons. Recida 

soon after surrendered its business rights in California, and MicuRx was granted rights 

for investigational treatment with RC-01 in China. 

Epetraborole (LeuRS inhibitor)  

Epetraborole (GSK2251052, AN3365) is a bacteriostatic oxaborole-containing inhibitor 

(108) of leucyl-tRNA synthetase (LeuRS) that was discovered in a structure-based rational 

design screen led by Anacor Pharmaceuticals (Palo Alto, CA, USA). The only FDA-

approved aminoacyl-tRNA synthetase inhibitor is mupirocin, which targets isoleucyl-

tRNA synthetase for treatment of Gram-positive infections. (109–111) Mupirocin is 

restricted to topical use due to rapid metabolism of its ester moiety and resistance 

emergence. (112)  
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The mechanism of a benzoxaborole antifungal agent trapping the active conformation of 

the editing site of LeuRS inspired the rational design of epetraborole. (113) Guided by 

crystallography, benzoxaborole analogs with extended coverage against A. baumannii 

were synthesized. (113, 114) Screening against MDR clinical isolates demonstrated a 10-7 

one-step resistance frequency at 4x MIC, (114) coverage of anaerobic microorganisms 

(115, 116), and low MIC90s against P. aeruginosa. (117) Mouse thigh infections highlighted 

the candidate’s efficacy against MDR GNB in vivo. (114)  

In 2009, Anacor initiated phase 1 trials for the IV formulation and reported favorable 

safety and PK properties in 72 subjects. (118) In accordance with a 2007 alliance forged 

with Glaxosmith-Kline (London, UK), GSK obtained an exclusive license for epetraborole 

in 2010. Phase 1 trials included SAD and MAD studies of oral formulations, (119) small 

cohort mass balance study of the IV formulation, (120) and serum and pulmonary PK of 

the IV formulation. (121) Like mupirocin, epetraborole is highly metabolized in monkeys 

and humans: oxidation of the propanol side chain by the polymorphic alcohol 

dehydrogenase generates an inactive carboxylic acid metabolite. (122) Following a 1,500 

mg IV infusion of the candidate in 6 human subjects, the candidate was found in systemic 

circulation and urinary excretion in its original form and, to a great extent, its oxidized 

form.  

GSK initiated phase 2 trials for cUTI (123) and cIAI. (124) In 3 of the 14 patients receiving 

epetraborole in the cUTI study, resistant isolates were recovered after only 1 day of 
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treatment. (125) Whole-genome sequencing revealed target-specific mutations in the 

LeuRS editing domain that conferred a low fitness cost. (125) The emergence of these fit 

mutants suggests that either this specific mode of binding to LeuRS or general inhibition 

of LeuRS is unproductive for impeding bacterial growth. Due to resistance concerns, the 

cUTI study was terminated in 2012, and the cIAI study was terminated as a precaution, 

even though isolates from 3 of the 9 patients who received epetraborole in this study 

maintained baseline susceptibility to the drug candidate. (125) GSK also assessed drug 

distribution in epithelial lining fluid and alveolar macrophages, which showed promise for 

efficacy under a pneumonia indication. (126) GSK soon after returned licensing rights to 

Anacor, which was acquired by Pfizer in 2016.  

Discussion 

A decade of leakiness in the GNB-active antibiotic clinical development pipeline is 

apparent from this review. The most prominent crack in the pipeline is the transition 

between phase 1 and phase 2. Data from AntibioticDB, (127) a growing repository for 

antibiotics in global preclinical and clinical development from the 1960s to the present, 

shows similar termination frequencies by clinical stage of development. In contrast, 

drugs from other therapeutic areas (including the “infectious disease” category) have the 

lowest success rate in the transition from phase 2 to phase 3 trials. (128)  

Both AntibioticsDB and Hay et al. cite toxicology concerns (observable in phase 1) and 

lack of efficacy (post-phase 1) as equally large determinants of failure for clinical 
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candidates with disclosed discontinuation reasons. For the GNB-active candidates of this 

decade, however, halts over the past ten years are largely attributable to safety issues in 

phase 1 trials; besides safety, three candidates were discontinued for unknown reasons, 

only one encountered resistance, one was replaced officially for commercial reasons, and 

none cited efficacy concerns (Fig 1.2C).  

Of the 13 discontinued candidates, 4 could have been first-in-class inhibitors, 

representing 3 novel targets: LptD, LpxC, LeuRS. CB-182,804 was the first polymyxin to 

undergo clinical trials. 3 of the 4 discontinued β-lactams attempted to follow the 

siderophore-antibiotic conjugation strategy successfully employed by cefiderocol. 

Overall, it is unclear whether novel targets are exceptionally failure-prone given their 

small sample size. The poor safety profiles of these novel candidates may be due to the 

modalities of inhibiting new targets and/or the unanticipated toxicities of the novel 

chemical scaffolds. In the search for new antibiotics, the termination of first-in-class 

antibiotics is especially painful, as these new drugs provide hope for evading MDR. 

Some of these discontinued clinical candidates do not strictly follow empirical guidelines 

for antibiotic design. (129, 130) For example, while epetraborole was the only candidate 

terminated due to emergence of resistance, LpxC inhibitors ACHN-975 and RC-01 posed 

the same concerns for resistance due to their requisite high exposure and single-copy-

single-enzyme targeting mechanism. (96) Additionally, ACHN-975 chelates the catalytic 

zinc of LpxC with hydroxamic acid, which is associated with the release of toxic metabolic 
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byproducts and off-target inhibition. (99, 131–133) However, replacing the moiety impairs 

inhibitory potency and antibacterial activity with persisting toxicity, (134, 135) 

underscoring the need for probing structure-toxicity relationships in new antibiotic 

classes. Conceivably, in vivo preclinical models are good predictors of antibacterial 

efficacy but poor predictors of safety, and alternate methods for assessing structure-

toxicity relationships in vitro and in vivo should be developed.    

The termination of some candidates was surprising considering the published toxicity 

data. Though hepatotoxicity was unapparent in preclinical models, BAL30072 treatment 

caused elevated ALT levels after only 3 days. In vitro nephrotoxicity is an unreliable 

predictor of clinical nephrotoxicity, (136) which is especially problematic for polymyxins 

like CB-182,804. (137, 138) Despite decades of polymyxin use, structure-toxicity 

relationships of this class are still understudied; this gap in understanding coupled with 

the characteristic toxicity of this class may account for the dearth of analog 

development. (139) Likewise, the long history of the β-lactam class, the similarity of 

siderophore-conjugated candidates to approved antibiotics, and the prior approval of 

one siderophore-conjugated antibiotic were insufficient to bring more siderophore-

conjugated antibiotics to the clinic, and a better understanding of structure-toxicity 

relationships of the linker and iron-chelator components may de-risk future 

development. The case of murepavadin highlights a latent nephrotoxicity concern that 

only surfaced in phase 3: phase 1 and 2 trials comprised of 8 studies, in which 257 

https://paperpile.com/c/9JoO9d/w5IGr+sNlTv+DMFfg+Y1T3c
https://paperpile.com/c/9JoO9d/nYbrh+jd5mM
https://paperpile.com/c/9JoO9d/Hf57b
https://paperpile.com/c/9JoO9d/zcMTT+vRmVw
https://paperpile.com/c/9JoO9d/q1gEf


32 
 

subjects received at least a single dose of murepavadin for up to 15 days, and the only 3 

SAEs reported were fully reversible after discontinuation. (77) As patients in phase 3 trials 

are typically sicker than the healthy subjects in phase 1, antibiotic toxicology must 

account for higher acuity settings.  

Can discontinued candidates be revived in the clinical pipeline? Polyphor has already 

initiated murepavadin clinical development by reformulating from IV to oral. An 

inhalation formulation could benefit pneumonia treatment candidates with dose-limiting 

toxicity by decreasing systemic exposure and increasing concentration in lung tissues, 

(140) and all approved inhaled antibiotics are reformulations of compounds initially 

dosed through IV or oral route.  

Another strategy for candidates with dose-limiting toxicity is coadministration in a 

synergistic combination therapy to expand their therapeutic window. While this strategy 

invites challenges pertaining to matching PK properties, it has been employed for several 

antibiotics: Novel BLIs have successfully extended the spectrum of β-lactams to MDR 

GNB. (141) In addition to binding β-lactamases, some potentiators inhibit cell growth in 

PBP-binding dependent and independent mechanisms. (142, 143) Discontinued PBP-

binding candidates could be explored further in combination with a BLI or as an adjuvant 

for other β-lactams of complementary PBP-binding and β-lactamase-binding properties. 

For example, synergy of BAL30072 with meropenem compelled Basilea to pursue 
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combination therapy in phase 1 trials, despite the dose-limiting hepatotoxicity 

encountered in the previous MAD study of BAL30072 alone.   

Similarly, antibiotic potency and/or spectrum of activity can be potentiated with 

polymyxins. Polymyxins have been investigated as potentiators for other classes of 

antibiotics without conclusive evidence of synergy in clinical treatments. (144, 145) In 

vitro studies show evidence of polymyxin synergy with many antibiotics, (146) including 

the addition of rifampicin to CB-182804 to improve potency and MDR coverage. (55) 

SPR741 employed this potentiation strategy, though it was discontinued after phase 1 

trials for commercial reasons.  

Additionally, LpxC inhibitors have demonstrated synergy with antibiotics for which GNB 

activity is limited by the OM, like rifampin and tetracycline. (92) LpxC inhibition may 

contribute to A. baumannii clearance in vivo by enhancing bacterial opsonophagocytosis 

and reducing inflammation, (103) despite the non-essentiality of LPS biosynthesis in this 

species and resultant in vitro inefficacy of LpxC inhibitors. This anti-virulence-based 

mechanism of action may reduce its likelihood of encountering resistance and extend 

the co-administered antibiotic’s spectrum of activity.  

Finally, there is a critical yet latent misalignment of the antibiotic discovery pipeline with 

the clinical development pipeline. (147) While antibiotic discovery typically focuses on 

identifying candidates corresponding to a particular MDR pathogen, cellular target, or 

chemical structure, late-stage clinical trials primarily test the candidate’s efficacy in the 
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context of clinical indications. Even if a candidate fills an unmet need by targeting a 

critical MDR pathogen or demonstrating low cross-resistance, that coverage may be 

moot when tested at clinical trial sites with low incidence of MDR and compared to SOCs 

with high efficacy against susceptible pathogens. (148) Since rapid determination of an 

infection’s causative organism is usually infeasible, empiric treatment based on infection 

site is common. Recently, the FDA required an infection site-specific indication while the 

EMA preferred a resistant pathogen-specific indication for phase 3 trials of cefiderocol. 

(30, 149) Such innovations in clinical trial design may enable the alignment of approved 

antibiotics with the unmet needs associated with antimicrobial resistance. 

Structural, preclinical, and clinical data was inaccessible for several candidates. 

Considering that some public funding was critical to the early success of many 

candidates, we echo the call for broader data sharing. (150) Although some public 

databases have compiled data, including clinicaltrials.gov, the Pew Charitable Trusts, 

SPARK, and AntibioticsDB, we should strive for completeness in archiving. As Achaogen, 

after declaring bankruptcy, shared its LpxC platform data with Forge Therapeutics, other 

abandoned data and learned lessons should be passed on.  

In conclusion, the critical leak in the GNB-active antibiotic clinical development pipeline 

is between phase 1 and phase 2 and is largely attributable to safety issues. By sealing this 

rupture, we can increase the likelihood of FDA approval and de-risk investment in the 

antibiotic space. Given the complexities of antibiotic design from target validation and 

https://paperpile.com/c/9JoO9d/Uvq77
https://paperpile.com/c/9JoO9d/igs6P+VIutE
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permeability to evasion of resistance mechanisms and non-conventional 

pharmacological properties, the low diversity of clinical trial termination reasons is 

notable. While safety presents a major challenge of antibiotic clinical development in this 

decade, solving this phase 1 issue may expose other issues in later clinical trials or post-

approval, like resistance or efficacy. Without innovations in preclinical predictive studies 

and clinical trial designs, (147) the novel candidates in today’s preclinical pipeline that 

transition to clinical development in the next decade may face the same complications 

and consequences as those of the last. Alternatively, novel candidates with favorable in 

vivo profiles may be abandoned in the preclinical stage if the false positive rate of 

preclinical toxicity assays is too high. Lastly, with many candidates withdrawn without 

public explanation for why, it is challenging to learn from previous mistakes. Increased 

data sharing through existing mechanisms could reduce redundancy and accelerate 

future antibiotic development.   
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Chapter 2 

Tool Development: Modulating pathogenicity via 
partial genetic inhibition 
 

Abstract  

Conditionally essential (CE) genes are required by pathogenic bacteria to establish and 

maintain infections. CE genes encode virulence factors, such as secretion systems and 

effector proteins, as well as biosynthetic enzymes that produce metabolites not found in 

the host environment. Due to their outsized importance in pathogenesis, CE gene 

products are attractive targets for the next generation of antimicrobials. However, the 

precise manipulation of CE gene expression in the context of infection is technically 

challenging, limiting our ability to understand the roles of CE genes in pathogenesis and 

accordingly design effective inhibitors. We previously developed a suite of CRISPR 

interference-based gene knockdown tools that are transferred by conjugation and stably 

integrate into bacterial genomes that we call Mobile-CRISPRi. Here, we show the efficacy 

of Mobile-CRISPRi in controlling CE gene expression in an animal infection model. We 

optimize Mobile-CRISPRi in Pseudomonas aeruginosa for use in a murine model of 

pneumonia by tuning the expression of CRISPRi components to avoid nonspecific 

toxicity. As a proof of principle, we demonstrate that knock down of a CE gene encoding 

the type III secretion system (T3SS) activator ExsA blocks effector protein secretion in 
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culture and attenuates virulence in mice. We anticipate that Mobile-CRISPRi will be a 

valuable tool to probe the function of CE genes across many bacterial species and 

pathogenesis models. 

Introduction 

All pathogenic bacteria require essential and conditionally essential (CE) genes for 

survival in the host environment. (1) Essential genes are typically defined as genes that 

are indispensable for growth in rich culture media, whereas CE genes are required only in 

specific conditions, such as maintenance in a host niche. (2) Next-generation sequencing 

of bacterial transposon (Tn)-mutant libraries (e.g., transposon sequencing [Tn-Seq] [3] 

and insertion sequencing [INSeq] [4]) from infected animals has enabled the 

comprehensive identification of essential and CE genes in a single experiment, rapidly 

increasing our knowledge of which genes are required for pathogenesis. (5–16) There are 

two major limitations of using Tn-Seq to study CE genes, both arising from the complete 

loss of function usually caused by Tn mutagenesis. First, core essential genes are, by 

definition, excluded from the analysis of environment-specific essentiality. Second, all-or-

nothing mutations preclude our ability to observe the relationship between expression 

levels of the gene product and fitness in the host environment; this information could be 

valuable in identifying CE genes for which the organism is highly sensitive to slight 

perturbations, which would be ideal candidates for inhibitors. Thus, methods that can 

partially perturb CE gene function in the context of pathogenesis are highly valuable. 
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Gene repression tools that are currently used to study CE genes during infection have 

provided numerous insights into gene function but have key technical limitations. 

Antisense RNAs (17, 18) have variable efficacy, substantial off-target effects, (19–21) and 

cannot be rationally designed. (22) Methods to trigger protein degradation (i.e., degrons) 

(23–26) require each gene of interest to be tagged at its native locus and suffer from 

toxicity due to interference with protein function and stability. (26) Gene depletion from 

inducible promoters also requires the insertion of the promoter upstream of all genes of 

interest and is limited by the inability to optimize both the control of noninduced 

promoter expression (leakiness) and the maximal amount of induced gene product. (27) 

 
In contrast, CRISPR interference (CRISPRi)—the use of a catalytically inactive variant of 

the Cas9 nuclease (dCas9) to repress transcription (28)—is highly efficacious and 

specific in bacteria, (29) is easily programmable by substituting the first 20 nucleotides of 

the guide RNA (sgRNA), (30) does not require modification of the chromosome at each 

targeted gene and maintains the native regulation of targeted genes. We previously 

developed Mobile-CRISPRi, (31) a technology that enables the transfer and stable 

integration of CRISPRi systems into diverse bacteria (Fig. 1A). Here, we optimize Mobile-

CRISPRi for targeting CE genes in a Pseudomonas aeruginosa PA14 murine pneumonia 

model of infection. 
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Results 

Optimized dCas9 expression eliminates toxicity and allows for graded 
knockdowns  

dCas9 overexpression often causes nonspecific toxicity in bacteria, (32) which would 

likely complicate the interpretation of our CRISPRi experiments in infection models. 

Indeed, we found that the full induction of an arabinose-inducible promoter (PBAD) driving 

the expression of dCas9 variants from Streptococcus pyogenes (dCas9Spy) (28) or 

Streptococcus thermophilus (dCas9sth) (33) resulted in reduced growth of PA14 in rich 

culture medium, whereas partial induction showed no apparent toxicity (Fig. 2.1B). We 

reasoned that titrating chemical inducers (e.g., arabinose) in a murine infection model 

could be impractical due to variable tissue penetration. (34–38) Instead, we focused on 

expressing dCas9Spy from a series of weak constitutive promoters from the BioBrick 

Registry (http://parts.igem.org/Main_Page) to reduce toxicity (Supplementary Fig. 2.1) 

and achieve partial knock down.  

 
 

http://parts.igem.org/Main_Page
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Figure 2.1: Toxicity, efficacy, and specificity of Mobile-CRISPRi in Pseudomonas 
aeruginosa  
(A) Mobile-CRISPRi is comprised of an antibiotic resistance cassette (ABR), sgRNA 
spacers specific to the gene of interest, a promoter driving dcas9 expression, and dcas9. 
These components can be substituted before chromosomal integration into a pathogen 
to generate a knockdown strain. (B) Wild-type PA14 growth was compared to that of 
Mobile-CRISPRi PA14 strains featuring arabinose-inducible promoters driving dCas9 
activity, two different variants of dCas9 (S. pyogenes and S. thermophilus), and the 
presence or absence of mRFP-targeting sgRNA. To induce the promoter, these strains 
were incubated with no arabinose, 0.1% arabinose, or 1% arabinose. (C) mRFP was cloned 
into Mobile-CRISPRi strains with constitutive promoters driving dCas9 expression. The 
median fluorescence of strains without sgRNA was compared to that of strains 
with mRFP-targeting sgRNA after 14 h of growth. The 10× knockdown associated with P1 
is statistically different from the 14× (**, significant P value) and 17× knockdown (****, 
significant P value) associated with P2 and P3, respectively. (D) RNA was extracted from 
mutants featuring P3 with and without mRFP-targeting sgRNA. Gene counts from RNA-
seq are plotted for each strain with a dashed line of slope = 1 for reference. 
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Supplementary Figure 2.1: Growth curves of PA14 strains targeting exsA  
Indicated strains were incubated for 9–10 hours on a plate shaker, and OD600 
measurements were taken every hour using a microplate reader.  
 
 

Supplementary Figure 2.2: Constitutive promoter-driven knockdown efficiency 
over time 
The dcas9 was cloned into Mobile-CRISPRi plasmids under the control of three different 
constitutive promoters. Strains were incubated in a microplate reader to monitor 
fluorescence and OD600nm over time. (A) The fluorescence of strains without sgRNA was 
compared to that of strains with mRFP-targeting sgRNAs after normalization with 
OD600nm. (B) Ratios of median florescence from strains ((-) sgRNA: (+) sgRNA) were 
averaged between 12 and 18 hours to calculate knockdown ratios (p<.0001 for all three 
promoters).  
 



69 
 

To assess Mobile-CRISPRi efficacy using the BioBrick promoter strains, we employed a 

“test” version of MobileCRISPRi expressing monomeric red fluorescent protein (mRFP) 

and an sgRNA targeting the mRFP gene (31). Knockdown levels were quantified for each 

promoter through comparing the mutants’ fluorescence normalized to growth over time. 

After 12 hours, we found stable fluorescence ratios between mutants without and with 

mRFP-targeting sgRNA (Supplementary Fig. 2.2). The gradient of knockdown ranged 

from 10- to 17-fold at the 14-hour timepoint, which roughly corresponded to the BioBrick 

promoter strength used to express dCas9 (Fig. 2.1C). We performed RNA sequencing 

(RNA-seq) on cells expressing dCas9 from the strongest of the three BioBrick promoters 

in our set and confirmed that CRISPRi retained specificity for RFP (Fig. 2.1D). We imaged 

cells expressing dCas9Spy from all three promoters and found no apparent defects in 

morphology (Supplementary Fig. 2.3). We conclude that Mobile-CRISPRi optimized 

with BioBrick promoters driving dCas9Spy enables a nontoxic gradient of constitutive 

knockdowns in P. aeruginosa PA14. 
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Supplementary Figure 2.3: Phenotypic effects of Mobile-CRISPRi  
(A) Mobile-CRISPRi strains containing mRFP-targeting sgRNA or no sgRNA were imaged 
with a Nikon Ti microscope. No growth defects were observed. (B) The lengths of 45–62 
cells for each strain were measured. Differences among means are not significant.   

 

 

Mobile-CRISPRi targeting of CE genes in a murine pneumonia model  

A major goal for developing Mobile-CRISPRi in infection models is to identify CE genes 

for which a modest perturbation has a substantial impact on pathogenesis. To do so, the 

system must enable the stable repression of the gene of interest over the course of 

infection. As a test case, we targeted exsA, which encodes the key activator of type III 

secretion system (T3SS) genes that are required for pathogenesis in P. aeruginosa. 

Because the exsA gene is positively autoregulated by the ExsA protein, (39) we reasoned 
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that modest knockdown would cause a large reduction in the transcription of T3SS 

genes, resulting in a loss of effector secretion and impaired virulence. Consistent with 

this, we found that CRISPRi knockdown of exsA reduced the expression of T3SS genes by 

more than 100-fold (Fig. 2.2A), similar to the expression levels observed in a strain with 

an exsA disruption (exsA::Tn; the Tn insertion position is shown in Supplementary Fig. 

2.4). (40) We found that all three BioBrick promoters driving dCas9Spy expression were 

equally effective at reducing exsA transcript levels, likely because even modest 

reductions in ExsA protein levels disrupt positive autoregulation. The esxA::Tn transposon 

mutation is insertional rather than deletional, which may have led to high levels of the 

nonfunctional exsA transcript, as measured by quantitative PCR (qPCR) (Supplementary 

Table 2.1). CRISPRi appeared to be slightly more effective at reducing exsA transcript 

levels than the exsA::Tn allele, possibly because CRISPRi can repress both ExsA-

dependent transcription from the exsC promoter and ExsA-independent transcription 

from the exsA promoter (41). Knock down of exsA also eliminated the detectable 

production of T3SS pilus (PopB/D) and effector (ExoT/U) proteins (Fig. 2.2B). Neither 

the exsA knockdown nor the non-targeting control sgRNA strains showed a growth 

defect in rich culture medium (Supplementary Fig. 2.1). 
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Figure 2.2: T3SS-associated gene transcription and protein secretion profiles  
(A) Reverse transcriptase quantitative PCR (RT-qPCR) analysis for T3SS-related genes 
across PA14 strains, normalized to WT PA14 RNA levels. (B) Immunoblot analysis of 
exoenzyme U and exoenzyme S secretion for PA14 strains grown in MinS medium (for 
type III protein secretion induction).  
 
 

Supplementary Figure 2.4: Map of exsA-related genetic elements 
Locations of exsA1 and exsA2 sgRNAs targeting sites on the exsA gene, transposon 
insertion present in mutant exsA:: Tn, and primers for qRT-PCR.  
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Supplementary Table 2.1: Sequences of primers used for qRT-PCR 
 

 

The loss of exsA function is known to strongly attenuate virulence in a murine pneumonia 

model. (42, 43) To test whether Mobile-CRISPRi can be used to probe the functions of CE 

genes, such as exsA, in a host environment, we intratracheally instilled C57BL/6 mice with 

a range of 105 to 107 CFU of wild-type (WT) P. aeruginosa PA14, an isogenic exsA::Tn 

mutant, or Mobile-CRISPRi strains containing dCas9Spy driven by the P3 BioBrick 

promoter, and either an exsA-targeting sgRNA or a nontargeting control sgRNA. 

Although CRISPRi using all three BioBrick promoters resulted in similar levels of exsA 

knockdown, we chose P3 because we reasoned that it would serve as the most stringent 

test of potential dCas9Spy toxicity in the context of a mouse infection. We collected the 

lungs 18 hours after infection and plated lung homogenates to estimate the number of 

viable bacteria (44) (Supplementary Fig. 2.5A). Strains with the exsA::Tn allele or Mobile-

CRISPRi-targeted exsA were highly attenuated for virulence and yielded similar recovery 

rates (Fig. 2.3). This demonstrates that Mobile-CRISPRi is an effective tool to knock down 

CE genes in PA14 during a mouse infection and implies that Mobile-CRISPRi is as stable 

during in vivo infection as it is during growth in culture. (31) Furthermore, levels of CFU 
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recovery were similar between WT and nontargeting Mobile-CRISPRi, suggesting that the 

nonspecific toxicity of dCas9 was mitigated by reduced expression. Other general 

indicators of infection, including hypothermia and leukopenia, were observed for the 

nontargeting and WT controls (Supplementary Fig. 2.5B and C). In contrast, both the 

exsA::Tn and Mobile-CRISPRi-targeted exsA strains produced similar levels of white blood 

cell counts (equivalent or higher than those seen in the phosphate-buffered saline [PBS] 

control) and similar body temperatures, altogether indicative of reduced virulence 

(Supplementary Fig. 2.5B and C). Consistent with this, WT and nontargeting strains 

showed severe lung injury not seen in the exsA::Tn and exsA-targeting strains 

(Supplementary Fig. 2.5D). We conclude that Mobile-CRISPRi can probe CE gene 

phenotypes in infection models. 
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Figure 2.3: Recovery rates following murine lung infection 
Following infection, lung homogenate serial dilutions were plated to estimate the CFU of 
bacteria recovered from the lung. Recovery rate is output CFU relative to input CFU.  
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Supplementary Figure 2.5: Phenotypic effects of infection 
(A) Recovered CFU counts from plated lung homogenates (B) white blood cell counts (C) 
rectal temperatures (D) images of qualitative lung injury from mice. 

Discussion 

A lack of genetic tools that enable facile and precise control over CE and essential gene 

expression has severely hampered our progress toward understanding bacterial 

pathogenesis past the point of simply identifying virulence factors. Our work 

demonstrates that Mobile-CRISPRi is a valuable genetic tool for characterizing CE genes 

in the context of an animal infection. We establish a synthetic biology approach for 

generating CRISPRi knockdown gradients and mitigating nonspecific toxicity by using 
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promoters from the BioBrick Registry to control dCas9 expression. Furthermore, we 

show that Mobile-CRISPRi repression remains stable despite the stringent fitness 

constraints imposed during growth in a murine infection model—a key prerequisite to 

large-scale CRISPRi screens for bacterial gene function in pathogenesis. Finally, as a 

proof of principle, we successfully use Mobile-CRISPRi to modulate the pathogenesis of 

P. aeruginosa in a mouse pneumonia model by targeting the CE gene exsA. Our studies 

lay the groundwork for future CRISPRi screens that probe the molecular details of 

pathogenesis. 

Mobile-CRISPRi is an excellent complement to established methods of gene function 

analysis during pathogenesis. Tn-based techniques (e.g., Tn-Seq [3]/INSeq [4]), 

transposon site hybridization, (45) and signature-tagged mutagenesis (46) have been 

enormously successful at identifying genes required for growth in mouse models of 

infection. Mobile-CRISPRi partial knockdowns can be used to further characterize these 

gene sets by modulating expression to determine the amount of gene product required 

for virulence. Multiplexed CRISPRi can be used to dissect the genetic pathways by which 

CE genes operate (29) and will be particularly valuable for characterizing synergies 

between partially redundant secreted effector proteins. CRISPRi is currently the only 

method of systematically perturbing essential gene function that can be rationally 

designed and involves only a single step of strain construction. Thus, a combination of 
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Mobile-CRISPRi partial knockdowns and Tn libraries will enable a comprehensive 

characterization of all genes required for pathogenesis—including essential genes. 

 
Both Tn mutagenesis and CRISPRi screens have potential pitfalls that should be 

considered when interpreting single-gene data. When passaged, Tn-mutagenized strains 

can accumulate second-site suppressors that distort phenotypic analysis. Relatedly, 

CRISPRi can be inactivated by mutation; the most frequent type spontaneously occurs in 

the dcas9 gene and is enriched in a population of strains when CRISPRi causes a strong 

fitness defect. (47) To circumvent these fitness defects, the weak P1 version of Mobile-

CRISPRi can be used to target “sensitive” genes, for which a modest knock down causes 

a strong fitness defect. (48) Finally, Tn mutagenesis and CRISPRi can both alter the 

expression of downstream genes in an operon (i.e., polarity), but the CRISPRi effect is 

much more predictable because the knock down of downstream genes is generally 

proportional to that of the targeted gene. (29) 

We previously demonstrated that Mobile-CRISPRi could be used to repress gene 

expression in a number of bacterial pathogens associated with antibiotic resistance (e.g., 

the Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species [ESKAPE] pathogens) (31, 

49). Our optimized Mobile-CRISPRi system opens the door to systematic analysis of CE 

genes in these pathogens during infection, enabling drug-gene interaction studies and, 

in principle, a screen for new inhibitors that synergize with the host immune system. 
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Methods 

Construction of Mobile-CRISPRi plasmids and strains 

Plasmids encoding nuclease-null Streptococcus pyogenes and Streptococcus 

thermophilus dCas9s were gifted by Lei Qi and Sarah Fortune, respectively. The vectors 

containing a Tn7-based Mobile-CRISPRi system were constructed as previously 

described by Peters. (31) dCas9 was expressed from the arabinose-inducible PBAD 

promoter and three constitutive promoters, namely, Anderson BBa_J23117 (P1), Anderson 

BBa_J23114 (P2), and Anderson BBa_J23115 (P3). The chimeric sgRNA was expressed by a 

constitutive derivative of the Ptrc promoter with no LacI operator site. In this study, all 

Pseudomonas aeruginosa UCBPP-PA14 Mobile-CRISPRi strains were constructed by tri-

parental mating as previously described. (31) Complete lists of plasmids and strains used 

in the study can be found in Supplementary Tables 2.2 and 2.3, respectively, in the 

supplemental material. The PA14 exsA::Tn strain was obtained from a transposon insertion 

library. (40) 

Toxicity measurements 

For dCas9 toxicity measurements, WT PA14 and the mutants were streaked onto 

Pseudomonas isolation agar (PIA) plates and incubated for 20 hours at 37°C. On the 

second day, one colony from each plate was cultured in 2 mL LB and incubated at 37°C 

with shaking at 350 rpm for 12 hours. Then, cultures were diluted in 100 µL LB medium 

with no inducer, 0.1% arabinose, or 1% arabinose to yield a mixture with an optical density 
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at 600 nm (OD600nm) of 0.05 in a 96-well plate (catalog no. 351177; Corning, NY). These 

cultures were grown with a lid for 9 to 10 hours on a plate shaker (OrbiShaker MP, 

Benchmark Scientific, NJ) at 37°C and 900 rpm. The OD600nm of the plate cultures was 

measured every hour using a microplate reader (SpectraMax 340PC; Molecular Devices, 

CA). 

RFP knockdown efficiency 

Following triparental mating, two P. aeruginosa colonies were picked from each strain to 

serve as biological replicates and were incubated overnight in 3 mL of LB with 100 µg/mL 

gentamicin selective medium at 37°C with shaking. These cultures were diluted to 0.01 

OD600nm into fresh LB medium, and 200 µL of this culture was added in triplicate to a clear 

bottom, black, 96-well plate (Corning Costar). This plate was covered with an optically 

clear seal, and a needle was used to poke holes in each of the wells. Fluorescence 

(excitation, 557 nm; emission, 592 nm) and OD600nm were monitored during incubation in 

a microplate reader (Synergy H1; BioTek Instruments, VT) with continuous, fast, double 

orbital shaking. Samples were blanked with a well containing LB medium. For each 

replicate, the fluorescence value was divided by OD600nm values at each time point and 

plotted in 30-minute intervals. 
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Supplementary Table 2.3: Bacterial strains used in this study 

 

RNA extraction 

PA14 Mobile-CRISPRi strains, exsA::Tn, and WT were streaked onto Vogel Bonner minimal 

medium (VBMM) or LB agar plates and incubated overnight at 37°C. One colony from 

each plate was grown in MinS (T3SS-inducing minimal medium supplemented with 

nitrotriacetic acid and lacking calcium medium) (50) or LB medium at 37°C for 16 hours 

with shaking at 250 rpm. Then, the strains were subcultured in 400 µL fresh MinS or LB 

medium until the OD600nm reached 1.0. Total RNA was extracted from cell pellets using the 

RNeasy minikit (Qiagen) according to the manufacturer’s instructions with on-column 

DNase I digestion (Qiagen). The RNA extracts were aliquoted and stored at –80°C. 
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Reverse transcriptase quantitative PCR 

cDNA was synthesized using random hexamer primers and a RevertAid first-strand cDNA 

synthesis kit (Thermo Scientific, Waltham, MA). To check the amplification efficiency of 

the primers, a 1:50 dilution of WT PA14 cDNA was mixed with PowerUp SYBR green master 

mix (Thermo Scientific) and detected by the MX3000P qPCR System (Stratagene, La Jolla, 

CA). Primers for T3SS-related genes (Supplementary Table 2.3) had amplification 

efficiencies between 90% and 110%. A PA14 housekeeping gene, nadB, was used as an 

internal control for normalization of total RNA levels. (51) The relative efficiency of each 

primer pair was tested and compared with that of nadB, and the threshold cycle (2ΔΔCT) 

data analysis was used. (52) All reactions were performed in triplicates and repeated at 

least twice using independent cultures, with average values of biological replicates and 

error bars representing standard deviation of ΔΔCT. 

cDNA library preparation and RNA-seq 

The RNA concentration for each sample was determined with a NanoDrop 

spectrophotometer (Thermo Fisher Scientific). A total of 10 ng of RNA of each sample 

was fragmented for 6 min, cDNA libraries were prepared using a NEBNext Ultra RNA 

library prep kit for Illumina (New England BioLabs [NEB] number E7770S). Libraries were 

sequenced in collaboration with the Chan Zuckerberg Biohub in San Francisco on an 

Illumina MiSeq instrument in 150-bp paired-end runs. Approximately 1,000,000 reads 

were collected for each of the two samples, with 94% alignment to PA14 WT by Bowtie2, 
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(53) and transcripts were counted with HTSeq. (54) Only genes with a nonnormalized 

read count greater than 1 in both samples were included in analysis, with a coverage of 

1,286 genes (20% genome). All RNA-seq data have been deposited in the National Center 

for Biotechnology Information’s GEO database (55) and are accessible through accession 

number GSE134771. 

Type III secretion profile of Pseudomonas aeruginosa by 
immunoblotting  
To knock down the exsA gene, two specific sgRNAs, exsA1 and exsA2, were designed. 

PA14 Mobile-CRISPRi mutants, exsA::Tn, and WT were streaked onto VBMM agar plates 

and incubated at 37°C overnight. One colony from each plate was grown at 37°C for 16 

hours in a shaking incubator at 250 rpm in MinS medium. (50) Bacteria were removed by 

centrifugation at 6,000 g for 15 min. Then the supernatant was collected and the secreted 

proteins were precipitated by the addition of ammonium sulfate. The protein pellets were 

dissolved in sample buffer. After boiling, samples were loaded onto ExpressPlus 4% to 

20% PAGE gels (Genscript, Piscataway, NJ) and run under denaturing conditions. PAGE 

gels were transferred to a polyvinylidene difluoride (PVDF) membrane and 

immunoblotted with polyclonal rabbit antiserum against ExoU, ExoT/ExoS, PopB, and 

PopD proteins, as previously described. (50) 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134771


85 
 

Murine infection model 
Pathogen-free male C57BL/6J mice, 8 weeks of age, were purchased from Jackson 

Laboratories. Animal experiments were conducted in accordance with the approval of the 

Institutional Animal Care and Use Committee (IACUC) at UCSF. A total of 29 mice were 

randomly assigned in the following 5 groups: G1, WT PA14, 6 mice; G2, P3 with mRFP-

targeting sgRNA, 5 mice; G3, P3 with exsA1 targeting sgRNA, 10 mice; G4, exsA::Tn, 6 

mice; and G5, saline control, 2 mice. Mice were anesthetized with isofluorane prior to 

intratracheal instillation with bacteria at a range of 1 x 105 to 1 x 107 CFU/animal in a 

volume of 50 µl, per an established protocol. (44) Animal weights and rectal temperatures 

were measured prior to euthanasia. The lungs were collected in 1 ml of sterile PBS and 

processed with a handheld homogenizer (Polytron PT1200E; Kinematica). A total of 50 µl 

of lung homogenate with appropriate dilutions were spread onto PIA plates with and 

without gentamicin to count output CFU. The bacterial recovery rate was calculated as 

the ratio of output CFU to input CFU. For whole-blood analysis, blood was collected by 

cardiac puncture into acid citrate dextrose (Sigma-Aldrich), and white blood cells (WBCs) 

were measured by a hematology analyzer (Genesis; Oxford Science). 

Microscopy 

An overnight culture was diluted 1:100 and grown to mid-log phase in LB medium. This 

culture was diluted to an OD600nm of 0.1 before being added to an agar pad composed of 

1% agarose and LB medium. No. 1 coverslips were used, and the slide was sealed with 
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Valap. Thereafter, 250 µl of LB medium was added to the agar pad to prevent desiccation. 

Sample slides were mounted in the stage top of a Nikon Ti microscope warmed to 37°C. 

All images were collected on a Nikon Ti-E inverted microscope equipped with a Plan Apo 

VC 100/1.4. Images were acquired with an Andor Zyla 4.2 sCMOS camera controlled with 

MicroManager. Multiple stage positions were collected using an ASI XYZ stage. 

Brightness and contrast were adjusted (identically for compared image sets) using Fiji 

software. 

Statistical analysis 

GraphPad Prism (v. 7.0) was used for the statistical analysis of all the data. For log-

transformed bacterial recovery rate, temperature, WBC counts, and weight changes, all 

groups were analyzed by ordinary one-way analysis of variance (ANOVA) followed by 

Tukey’s multiple-comparison test. For the transcription data, two-way ANOVA followed 

by Tukey’s multiple-comparison test was implemented. To compare changes in 

fluorescence at 14 hours, data points associated with mRFP-targeting sgRNAs were 

normalized to median fluorescence of the respective strain without sgRNAs. One-way 

ANOVA followed by Tukey’s multiple-comparison test was used to assess the 

significance of the knockdown levels. 
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Chapter 3 

Tool Application: Profiling genetic vulnerabilities 
to host clearance mechanisms 
 

Abstract 

Multi-drug resistant Pseudomonas aeruginosa causes highly morbid infections that are 

challenging to treat. While antibiotics reduce bacterial populations during infection, host 

immunity plays a key role in elimination of pathogenic bacteria. Identifying genetic 

targets that create vulnerabilities to host clearance mechanisms may uncover strategies 

to potentiate host immunity against bacterial infections. We developed a pooled in vivo 

CRISPRi screen that revealed that partial genetic depletions of 197 individual P. 

aeruginosa genes generated fitness defects in a murine pneumonia model. pgsA, an 

essential gene uncovered in our screen known to be strongly upregulated in human 

infection, demonstrated significant vulnerability to host clearance despite limited in vitro 

fitness defects. The use of CRISPRi screening to uncover genetic vulnerabilities 

represents a promising strategy to prioritize antibacterial targets that interact with host 

immunity.  
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Introduction  

Pseudomonas aeruginosa is an environmental bacterium that is a common causative 

agent of both acute and chronic infections. Due to its inherent resistance to antibiotics 

and increasing levels of acquired resistance, multi-drug resistant P. aeruginosa has been 

prioritized as a serious threat by the WHO. (1) While P. aeruginosa is estimated to have 

321 core essential genes required for growth of multiple strains under multiple culturing 

conditions, (2) only a small fraction of these genes have been targeted for inhibition by 

small molecule antibiotics in clinical use and clinical development. (3) 

While antibiotics are useful for reducing the bacterial burden during infection, their 

interactions and potential synergy with native host processes for bacterial clearance are 

underexploited. It is conceivable that the extent of target inhibition required for bacterial 

growth inhibition in vitro may exceed that which is needed in vivo, where the host 

immune system mediates clearance of the infection. For example, the synergy of beta-

lactam antibiotics with host-produced antimicrobial peptides has been shown to reduce 

the burden of bacteria demonstrating in vitro resistance to the beta-lactam. (4–8) 

Consequently, target-based whole-cell screens in antibiotic discovery efforts may 

neglect chemical matter with sufficient in vivo efficacy due to poor in vitro potency. 

Comparison of in vitro minimal inhibitory concentrations of antibiotics with their 

associated reduction of bacterial burden during in vivo infections is confounded by 

pharmacokinetic and pharmacodynamic properties of the antibiotic. Thus, a goal of 

https://paperpile.com/c/wAiJ9z/kzvx
https://paperpile.com/c/wAiJ9z/jILY
https://paperpile.com/c/wAiJ9z/sHxQ
https://paperpile.com/c/wAiJ9z/JNOg+KpNF+RFaA+PBbZ+Q9X8
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bacterial geneticists has been to substitute chemical inhibition with genetic inhibition, 

thereby eliminating this confounding effect and expanding the scope of potential 

antibacterial gene targets to include those without known chemical inhibitors.  

For genes that are non-essential in vitro, large-scale genetic inhibition through 

transposon insertion sequencing has previously led to the classification of in vivo gene 

essentiality. (9) Transposon sequencing of P. aeruginosa under various infection 

conditions has revealed many virulence factors, where gene knockout leads to 

attenuated virulence of the mutant strain. (10) However, anti-virulence interventions have 

yet to demonstrate clinical efficacy and may not be suitable for people experiencing 

chronic P. aeruginosa lung infections associated with cystic fibrosis, often characterized 

by downregulation or loss-of-function mutations in virulence associated genes. (11) Given 

that complete genetic inhibition strategies cannot be used to probe potential antibiotic 

targets due to in vitro essentiality, a partial genetic perturbation strategy enables us to 

probe this valuable category of genes.   

Importantly, the notion of essentiality implies a binary effect of genetic inhibition on 

bacterial fitness, even though intermediary inhibition with chemical drugs indicates that 

the effect of target inhibition on fitness is, instead, a continuous variable. This gradient is 

captured by gene vulnerability, (12) where partial genetic perturbation of essential genes 

can confer a quantifiable fitness defect. The significance and magnitude of gene 

vulnerability may vary based on culture conditions and can be measured by depletion of 

https://paperpile.com/c/wAiJ9z/60l6
https://paperpile.com/c/wAiJ9z/akZ7
https://paperpile.com/c/wAiJ9z/ip7y
https://paperpile.com/c/wAiJ9z/fAdI
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the specific mutant from a pooled library. (12–16) Essential genes with large in vivo 

vulnerabilities may represent a promising new class of antibacterial targets, since 

antibiotics must often be administered at high dosages that are capped by dose-limiting 

adverse effects, and corresponding inhibitors with no in vitro efficacy may have been 

previously overlooked.  

Essential genes have been historically difficult to manipulate precisely, as they are 

requisite for pathogen survival. CRISPR interference (CRISPRi), where a catalytically 

inactive variant of the Cas9 nuclease (dCas9) sterically hinders RNA polymerase 

elongation leading to reduced transcription, is a powerful tool for loss of function 

screens. We have previously developed Mobile-CRISPRi, a modular and scalable platform 

to construct knockdown strains in a variety of pathogens, (17–19) which enables us to 

detect gene vulnerability under in vitro and in vivo settings.  

A recent pooled CRISPRi screen of the Gram-positive microorganism Streptococcus 

pneumoniae in a murine pneumonia model revealed new potential virulence factors and 

the in vivo non-essentiality of a potential antibiotic target that was essential in vitro. (20) 

31 genes were identified with greater in vivo essentiality (log2FC>1, padj<0.05) than in vitro 

essentiality; however, due to severe infection-associated bottlenecks limiting screen 

robustness, the knockdown of only one non-essential gene (purA) was confirmed to yield 

attenuated virulence, with nearly 2 log reduction in bacterial burden. Co-infection with 

influenza A virus promoted S. pneumoniae growth, overcoming the infection bottleneck 

https://paperpile.com/c/wAiJ9z/ttPy+kk8M+dDAf+fAdI+FjEj
https://paperpile.com/c/wAiJ9z/FFOp+dP9H+1eHZ
https://paperpile.com/c/wAiJ9z/mRSd
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and enabling the identification of several virulence-associated genes. The present study 

details a different protocol to surmount infection-associated bottlenecks in a P. 

aeruginosa lung infection model.   

Conditional induction or repression of genes during infection are presumably associated 

with adaptations required for maintaining fitness in various environments. As such, 

elevated gene expression during infection provides circumstantial evidence for the 

gene’s role in bacterial processes important for establishing and/or maintaining 

infection. In our partial genetic inhibition studies, we gather gene vulnerability insights 

and explore the implications of gene upregulation during infection.  

Results 

Mobile-CRISPRi Enables Pooled Construction of an Essential Gene 

Knockdown Library  

Due to concerns pertaining to the titratability and uniformity of gene knockdown when 

using an inducible CRISPRi promoter in an in vivo model, we previously characterized the 

efficacy of constitutive promoters (17) to drive CRISPR interference. Repression of mrfp 

in PA14 using three different constitutive promoters (P1, P2, P3) driving dCas9 activity 

generated a range of 88% decrease of fluorescence by P1 to 94% by P3 when paired with 

the same mrfp-targeting sgRNA. (17) Comparing the fluorescence-based mrfp 

knockdown ratios (non-targeting sgRNA: targeting sgRNA), P3 is less than double the 

https://paperpile.com/c/wAiJ9z/FFOp+1eHZ+dP9H
https://paperpile.com/c/wAiJ9z/FFOp+1eHZ+dP9H
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strength of P1. To identify highly vulnerable genes during infection, where slight genetic 

perturbation confers a large in vivo fitness defect despite limited in vitro deficiencies, we 

employed a weak promoter (P1) in construction of a pooled PA14 essential gene 

knockdown library.  

Targeted genes in the PA14 essential gene knockdown library were chosen from a 

transposon sequencing study that identified the “core” essential genome for 

Pseudomonas. (2) Genes that were deemed essential in atleast one of the lab or 

infection-related growth media were included in our library design (Supplementary 

Table 3.1). For each gene targeted, four sgRNAs were synthesized with complementarity 

to the gene at varied distances from the transcription start site. (18) To assess 

bottlenecks and control for the effects of CRISPRi knockdown during in vivo 

experiments, 1,000 non-targeting sgRNAs were included in the pooled sgRNA library as 

negative controls. After insertion of the pooled sgRNA library into the Mobile-CRISPRi 

plasmids, the constructs were chromosomally integrated into PA14 through triparental 

mating (Figure 3.1).  

 

 

 

https://paperpile.com/c/wAiJ9z/jILY
https://paperpile.com/c/wAiJ9z/dP9H
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Supplementary Table 3.1: PA14 Essential Gene Knockdown Library  
Gene ID, name, and essentiality in 9 different Pseudomonas strains in 5 different 
conditions (as reported by Poulsen et. al.). Genes that are essential in all 9 strains across 
all tested conditions (LB, M9, Fetal Bovine Serum, Synthetic Cystic Fibrosis Medium, and 
urine) are deemed “Core” essential genes, whereas genes that are essential in only a 
subset of those conditions are deemed “Conditional”. 

PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_00010 dnaA 9 9 9 9 9 Core 
PA14_00020 dnaN 9 9 9 9 9 Core 
PA14_00050 gyrB 9 9 9 9 9 Core 
PA14_00060 plsC 9 0 9 9 1 Conditional 
PA14_00070 gmhB 9 9 9 9 9 Core 
PA14_00090 glyS 9 9 9 9 9 Core 
PA14_00100 glyQ 9 9 9 9 9 Core 
PA14_00190 fmt 9 9 9 9 9 Core 
PA14_00200 def 9 7 9 9 9 Conditional 
PA14_00240 tsaC 9 9 9 9 9 Core 
PA14_00280 hemF 9 9 0 9 9 Conditional 
PA14_00290 aroE 9 9 8 9 9 Conditional 
PA14_00440 trpA 0 9 3 9 2 Conditional 
PA14_00450 trpB 0 9 6 9 1 Conditional 
PA14_04110 serA 8 9 9 9 0 Conditional 
PA14_04310 rpiA 9 9 9 9 9 Core 
PA14_04380   0 9 0 0 0 Conditional 
PA14_04460 lgt 9 9 9 9 9 Core 
PA14_04480 thyA 9 9 9 9 9 Core 
PA14_04580 folA 9 9 9 9 9 Core 
PA14_04630 ilvD 0 9 0 0 9 Conditional 
PA14_04750 fdx1 9 9 9 9 9 Core 
PA14_04760 coaD 9 9 9 9 9 Core 
PA14_04900 ftsY 9 9 9 9 9 Core 
PA14_04930 rpoH 9 9 9 9 9 Core 
PA14_04980 thiG 0 9 0 9 0 Conditional 
PA14_05070 metW 0 9 8 0 9 Conditional 
PA14_05080 metX 0 9 8 0 9 Conditional 
PA14_05150 proC 0 9 0 0 0 Conditional 
PA14_05250 pyrC 0 9 9 9 9 Conditional 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_05260 pyrB 0 8 9 9 9 Conditional 
PA14_05280 yqgF 9 9 9 9 9 Core 
PA14_05460 bioA 9 9 0 9 9 Conditional 
PA14_05550 oprM 9 0 2 0 9 Conditional 
PA14_05590 metF 0 9 9 0 9 Conditional 
PA14_05620 sahH 9 9 9 9 9 Core 
PA14_06500 bioB 9 9 0 9 9 Conditional 
PA14_06510 bioF 9 9 0 9 9 Conditional 
PA14_06540 bioC 9 9 1 9 8 Conditional 
PA14_06570 bioD 9 9 0 9 9 Conditional 
PA14_07090 metK 9 9 9 9 9 Core 
PA14_07130 tktA 9 9 9 9 9 Core 
PA14_07170 epd 9 1 0 9 0 Conditional 
PA14_07190 pgk 9 0 0 9 0 Conditional 
PA14_07230 fda 9 9 9 9 9 Core 
PA14_07520 rpoD 9 9 9 9 9 Core 
PA14_07530 dnaG 9 9 9 9 9 Core 
PA14_07560 rpsU 9 9 9 9 9 Core 
PA14_07570 gcp 9 9 9 9 9 Core 
PA14_07590 folB 9 9 9 9 9 Core 
PA14_07620 cca 9 9 9 9 1 Conditional 
PA14_07740 pdxA 9 9 0 9 8 Conditional 
PA14_07760 surA 9 9 9 9 9 Core 
PA14_07770 ostA 9 9 9 9 9 Core 
PA14_07910 rpe 9 9 9 9 9 Core 
PA14_07940 trpE 0 9 0 0 0 Conditional 
PA14_08350 trpD 0 9 0 8 0 Conditional 
PA14_08360 trpC 0 9 0 9 1 Conditional 
PA14_08400 COQ7 9 9 9 9 9 Core 
PA14_08470 hemJ 9 9 0 9 9 Conditional 
PA14_08480 argC 0 9 9 1 9 Conditional 
PA14_08510 yadR 9 9 9 9 9 Core 
PA14_08620 birA 9 9 9 9 9 Core 
PA14_08630 coaX 9 9 9 9 9 Core 
PA14_08710 nusG 9 9 9 9 9 Core 
PA14_08720 rplK 9 9 9 9 9 Core 
PA14_08730 rplA 9 9 9 9 9 Core 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_08740 rplJ 9 9 9 9 9 Core 
PA14_08760 rpoB 9 9 9 9 9 Core 
PA14_08780 rpoC 9 9 9 9 9 Core 
PA14_08790 rpsL 9 9 9 9 9 Core 
PA14_08810 rpsG 9 9 9 9 9 Core 
PA14_08820 fusA1 9 9 9 9 9 Core 
PA14_08840 rpsJ 9 9 9 9 9 Core 
PA14_08850 rplC 9 9 9 9 9 Core 
PA14_08860 rplD 9 9 9 9 9 Core 
PA14_08870 rplW 9 9 9 9 9 Core 
PA14_08880 rplB 9 9 9 9 9 Core 
PA14_08890 rpsS 9 9 9 9 9 Core 
PA14_08910 rpsC 9 9 9 9 9 Core 
PA14_08920 rplP 9 9 9 9 9 Core 
PA14_08940 rpsQ 9 9 9 9 9 Core 
PA14_08950 rplN 9 9 9 9 9 Core 
PA14_08960 rplX 9 9 9 9 9 Core 
PA14_08970 rplE 9 9 9 9 9 Core 
PA14_08980 rpsN 9 9 9 9 9 Core 
PA14_08990 rpsH 9 9 9 9 9 Core 
PA14_09000 rplF 9 9 9 9 9 Core 
PA14_09010 rplR 9 9 9 9 9 Core 
PA14_09020 rpsE 9 9 9 9 9 Core 
PA14_09040 rplO 9 1 6 9 1 Conditional 
PA14_09050 secY 9 9 9 9 9 Core 
PA14_09080 rpsM 9 9 9 9 9 Core 
PA14_09090 rpsK 9 9 9 9 9 Core 
PA14_09100 rpsD 9 9 9 9 9 Core 
PA14_09115 rpoA 9 9 9 9 9 Core 
PA14_09130 rplQ 9 9 9 9 9 Core 
PA14_11090 cupB4 1 8 5 9 5 Conditional 
PA14_11400 ribD 9 9 9 9 9 Core 
PA14_11410 ribC 9 9 9 9 9 Core 
PA14_11450 nusB 9 9 9 9 9 Core 
PA14_11460 thiL 9 9 9 9 9 Core 
PA14_11510 ribA 9 9 9 9 9 Core 
PA14_11550 dxs 9 9 9 9 9 Core 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_11560 ispA 3 1 9 9 1 Conditional 
PA14_11690 ppa 9 9 9 9 9 Core 
PA14_11845 mpl 7 2 2 9 5 Conditional 
PA14_11860 ubiX 9 8 9 9 9 Conditional 
PA14_12010 proA 0 9 0 0 0 Conditional 
PA14_12060 pbpA 9 9 9 9 9 Core 
PA14_12070 rodA 9 9 9 9 9 Core 
PA14_12120 lipB 9 9 9 9 9 Core 
PA14_12130 lis 9 9 9 9 9 Core 
PA14_12200 holA 9 9 9 9 9 Core 
PA14_12210 lptE 9 9 9 9 9 Core 
PA14_12230 leuS 9 9 9 9 9 Core 
PA14_12280 cutE 9 9 9 9 9 Core 
PA14_12310 ybeY 9 9 9 9 9 Core 
PA14_12390 hemL 9 9 0 9 9 Conditional 
PA14_12400 thiE 0 9 0 9 0 Conditional 
PA14_12410 thiD 0 9 0 9 0 Conditional 
PA14_14440 valS 9 9 9 9 9 Core 
PA14_14500 yjgP 9 9 9 9 9 Core 
PA14_14510 yjgQ 9 9 9 9 9 Core 
PA14_14630 secD 9 9 9 9 9 Core 
PA14_14650 secF 9 9 9 9 9 Core 
PA14_14680 suhB 9 9 9 9 9 Core 
PA14_14730 iscS 9 9 9 9 9 Core 
PA14_14750 iscA 9 9 9 9 9 Core 
PA14_14770 hscB 9 9 9 9 9 Core 
PA14_14780 hscA 9 9 9 9 9 Core 
PA14_14800 fdx2 9 9 9 9 9 Core 
PA14_14820 ndk 9 9 9 9 6 Conditional 
PA14_14880 gcpE 9 9 9 9 9 Core 
PA14_14890 hisS 9 9 9 9 9 Core 
PA14_14930 engA 9 9 9 9 9 Core 
PA14_15030 leuA 0 9 0 0 2 Conditional 
PA14_15310 guaB 9 9 9 9 9 Core 
PA14_15340 guaA 9 9 9 9 9 Core 
PA14_15680 cumB 9 9 9 9 9 Core 
PA14_15740 purL 0 9 9 9 7 Conditional 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_15960 ffh 9 9 9 9 9 Core 
PA14_15970 rpsP 9 8 9 8 8 Conditional 
PA14_15980 rimM 9 9 9 9 9 Core 
PA14_15990 trmD 9 1 9 9 2 Conditional 
PA14_16070 hom 0 9 9 0 9 Conditional 
PA14_16090 thrC 0 9 8 0 7 Conditional 
PA14_16480 wspF 8 9 4 9 9 Conditional 
PA14_16510 prfB 9 9 9 9 9 Core 
PA14_16530 lysS 9 9 9 9 9 Core 
PA14_16700 adk 9 9 9 9 9 Core 
PA14_16710 yeaZ 9 9 9 9 9 Core 
PA14_16950 dapD 9 9 9 9 9 Core 
PA14_17060 rpsB 9 9 9 9 9 Core 
PA14_17070 tsf 9 9 9 9 9 Core 
PA14_17080 pyrH 9 9 9 9 9 Core 
PA14_17100 frr 9 9 9 9 9 Core 
PA14_17110 uppS 9 9 9 9 9 Core 
PA14_17120 cdsA 9 9 9 9 9 Core 
PA14_17130 dxr 9 9 9 9 9 Core 
PA14_17150 bamA 9 9 9 9 9 Core 
PA14_17180 lpxD 9 9 9 9 9 Core 
PA14_17190 fabZ 9 9 9 9 9 Core 
PA14_17210 lpxA 9 9 9 9 9 Core 
PA14_17220 lpxB 9 9 9 9 9 Core 
PA14_17260 dnaE 9 9 9 9 9 Core 
PA14_17270 accA 9 9 9 9 9 Core 
PA14_17280 mesJ 9 9 9 9 9 Core 
PA14_17290 pyrG 9 9 9 9 9 Core 
PA14_17310 kdsA 9 9 9 9 9 Core 
PA14_17320 eno 9 9 8 9 9 Conditional 
PA14_17340 ispD 9 9 9 9 9 Core 
PA14_17420 ispF 9 9 9 9 9 Core 
PA14_17930 glpD 9 1 9 9 1 Conditional 
PA14_18610 argF 0 9 2 0 9 Conditional 
PA14_18700 rnt 9 3 6 9 5 Conditional 
PA14_18710 pyrC 9 9 9 9 9 Core 
PA14_18740 argG 0 9 9 2 9 Conditional 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_19050 metG 9 9 9 9 9 Core 
PA14_19065 mrp 9 9 9 9 9 Core 
PA14_19090 dcd 9 1 9 9 9 Conditional 
PA14_20140 fpr 9 9 9 9 9 Core 
PA14_22010 minE 9 1 9 1 2 Conditional 
PA14_22020 minD 9 0 1 1 0 Conditional 
PA14_22040 minC 9 0 0 1 0 Conditional 
PA14_23070 zwf 0 9 0 0 0 Conditional 
PA14_23080 pgl 0 9 0 4 2 Conditional 
PA14_23090 eda 0 9 0 0 0 Conditional 
PA14_23220 ubiG 9 9 9 9 9 Core 
PA14_23260 gyrA 9 9 9 9 9 Core 
PA14_23270 serC 9 9 9 9 8 Conditional 
PA14_23280 pheA 9 9 4 0 0 Conditional 
PA14_23290 hisC2 9 0 1 1 0 Conditional 
PA14_23310   9 6 9 9 2 Conditional 
PA14_23320 cmk 9 9 9 9 9 Core 
PA14_23330 rpsA 9 9 9 9 9 Core 
PA14_23460 orfN 9 6 9 9 9 Conditional 
PA14_23500 tyrB 1 9 8 1 9 Conditional 
PA14_23560 gltx 9 9 9 9 9 Core 
PA14_23750 leuC 0 9 0 0 9 Conditional 
PA14_23760 leuD 0 9 0 0 9 Conditional 
PA14_23790 leuB 0 9 0 0 9 Conditional 
PA14_23800 asd 9 9 9 9 9 Core 
PA14_23850 trpF 0 9 0 0 0 Conditional 
PA14_23860 accD 9 9 9 9 9 Core 
PA14_23880 folC 9 9 9 9 9 Core 
PA14_23920 purF 0 9 9 9 3 Conditional 
PA14_23930 metZ 0 9 8 0 9 Conditional 
PA14_24220 ppnK 9 9 9 9 9 Core 
PA14_24640 pyrD 9 9 9 9 9 Core 
PA14_24710 evgA 3 1 9 3 1 Conditional 
PA14_25080 fadB 9 1 0 1 1 Conditional 
PA14_25090 foaB 9 0 0 1 0 Conditional 
PA14_25110 topA 9 9 9 9 9 Core 
PA14_25250 gapA 9 0 9 9 4 Conditional 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_25390 sth 9 0 0 1 0 Conditional 
PA14_25430 lolC 9 9 9 9 9 Core 
PA14_25440 lolD 9 9 9 9 9 Core 
PA14_25450 lolE 9 9 9 9 9 Core 
PA14_25500 exbD 9 0 4 8 9 Conditional 
PA14_25510 lpxK 9 9 9 9 9 Core 
PA14_25530 kdsB 9 9 9 9 9 Core 
PA14_25550 murB 9 9 9 9 9 Core 
PA14_25560 rne 9 9 9 9 9 Core 
PA14_25650 fabD 9 9 9 9 9 Core 
PA14_25660 fabG 9 9 9 9 9 Core 
PA14_25690 fabF1 8 1 9 4 1 Conditional 
PA14_25740 tmk 9 9 9 9 9 Core 
PA14_25760 holB 9 9 9 9 9 Core 
PA14_25840 ETFDH 9 9 9 9 9 Core 
PA14_25860 etfB 9 9 9 9 9 Core 
PA14_25880 etfA 9 9 9 9 9 Core 
PA14_25900 fabV 9 9 9 9 9 Core 
PA14_26890 pyrF 2 8 9 9 9 Conditional 
PA14_27210 efp 9 1 9 9 9 Conditional 
PA14_27940 rsbU 9 1 9 9 1 Conditional 
PA14_27950 rsbW 9 1 9 9 1 Conditional 
PA14_28650 thrS 9 9 9 9 9 Core 
PA14_28660 infC 9 9 9 9 9 Core 
PA14_28680 rplT 9 9 9 9 9 Core 
PA14_28690 pheS 9 9 9 9 9 Core 
PA14_28710 pheT 9 9 9 9 9 Core 
PA14_30110 purB 9 9 9 9 9 Core 
PA14_30150 trmU 9 9 9 9 9 Core 
PA14_30290 ftsK 9 9 9 9 9 Core 
PA14_30310 lolA 9 9 9 9 9 Core 
PA14_30330 serS 9 9 9 9 9 Core 
PA14_30340 cysG 0 9 0 0 0 Conditional 
PA14_30370 tusE 9 9 9 9 9 Core 
PA14_30380 tusB 9 9 9 9 9 Core 
PA14_30390 tusC 9 9 9 9 9 Core 
PA14_30400 dsrE 9 9 9 9 9 Core 
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PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_30670 pgsA 9 9 9 9 9 Core 
PA14_31290 pa1L 9 8 9 9 1 Conditional 
PA14_31580 ACADM 1 9 1 4 8 Conditional 
PA14_32130 xylL 7 9 9 7 6 Conditional 
PA14_32420   9 0 0 5 1 Conditional 
PA14_33270 pvdG 9 2 3 6 1 Conditional 
PA14_33530   9 7 8 6 3 Conditional 
PA14_33690 pvdE 9 9 9 9 9 Core 
PA14_34600 gapB 5 9 3 2 0 Conditional 
PA14_36780 mgtC 9 7 6 6 7 Conditional 
PA14_38395 mexX 9 0 9 8 9 Conditional 
PA14_38410 amrB 9 0 9 8 9 Conditional 
PA14_39980 qscR 9 3 9 4 1 Conditional 
PA14_41050 dnaQ 9 9 9 9 9 Core 
PA14_41060 rnhA 9 1 3 2 2 Conditional 
PA14_41350 folD 9 9 9 9 9 Core 
PA14_41360 cysS 9 9 9 9 9 Core 
PA14_41380 glnS 9 9 9 9 9 Core 
PA14_41400 lpxH 9 9 9 9 9 Core 
PA14_41470 acnB 9 9 9 9 9 Core 
PA14_41575 sigX 9 1 9 9 6 Conditional 
PA14_41840 cysH 0 9 2 0 0 Conditional 
PA14_41870 cysB 0 9 0 0 0 Conditional 
PA14_42720 masA 1 1 9 9 0 Conditional 
PA14_42760 aroC 9 9 9 9 9 Core 
PA14_43680 fabA 9 9 9 9 3 Conditional 
PA14_43690 fabB 9 9 9 9 9 Core 
PA14_43940 sucD 8 0 9 9 1 Conditional 
PA14_43950 sucC 9 1 9 9 1 Conditional 
PA14_43970 lpdG 9 9 9 9 9 Core 
PA14_44000 sucB 9 9 9 9 9 Core 
PA14_44010 sucA 9 9 9 9 9 Core 
PA14_44020 sdhB 9 1 9 9 9 Conditional 
PA14_44030 sdhA 9 1 9 9 9 Conditional 
PA14_44050 sdhD 9 1 9 9 9 Conditional 
PA14_44060 sdhC 9 1 9 9 9 Conditional 
PA14_44070 gltA 9 9 9 9 2 Conditional 
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(LB) 
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(M9) 
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(Urine) 

Essential 
Category 

PA14_44370 ccoN 0 1 9 0 0 Conditional 
PA14_44440 fixI 1 1 9 9 1 Conditional 
PA14_44630 dnaX 9 9 9 9 9 Core 
PA14_44660 lig 9 9 9 9 9 Core 
PA14_44910   8 3 9 7 3 Conditional 
PA14_44920   9 9 9 9 6 Conditional 
PA14_45290 ccmH 1 0 9 7 1 Conditional 
PA14_45350 ccmC 8 1 9 9 1 Conditional 
PA14_46020 yfiP 9 1 0 0 6 Conditional 
PA14_46470 pdxB 9 9 0 9 0 Conditional 
PA14_49340 pcpS 9 9 9 9 9 Core 
PA14_49380 dapE 9 9 9 9 9 Core 
PA14_49460 nrdA 9 9 9 9 9 Core 
PA14_49470 nrdB 9 9 9 9 9 Core 
PA14_50800 pdxH 9 9 0 9 8 Conditional 
PA14_51270 dapA 9 8 6 9 1 Conditional 
PA14_51710 oprL 9 9 9 9 9 Core 
PA14_51720 tolB 9 9 9 9 9 Core 
PA14_51730 tolA 9 9 9 9 9 Core 
PA14_51740 tolR 9 9 9 9 9 Core 
PA14_51750 tolQ 9 9 9 9 9 Core 
PA14_51820 aspS 9 9 9 9 9 Core 
PA14_51900 proS 9 9 9 9 9 Core 
PA14_52010 hda 9 9 9 9 9 Core 
PA14_52040 purM 0 9 9 9 2 Conditional 
PA14_52050 purN 0 9 1 9 0 Conditional 
PA14_52580 lysC 9 9 9 9 9 Core 
PA14_52600 alaS 9 9 9 9 9 Core 
PA14_52850   6 8 4 1 9 Conditional 
PA14_54290 pdxJ 9 9 0 9 2 Conditional 
PA14_54320 era 9 9 9 9 9 Core 
PA14_54330 rnc 9 0 0 2 0 Conditional 
PA14_54350 lepB 9 9 9 9 9 Core 
PA14_54390 mucD 9 0 8 0 7 Conditional 
PA14_54420 mucA 9 1 8 3 2 Conditional 
PA14_54480 ygfZ 9 9 9 9 9 Core 
PA14_55390   9 6 9 9 8 Conditional 
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PA14_55660 recD 9 9 9 9 9 Core 
PA14_55670 recB 9 9 9 9 9 Core 
PA14_55690 recC 9 9 9 9 9 Core 
PA14_55770 pitA 9 1 9 9 0 Conditional 
PA14_55800 cpaA 9 9 9 9 7 Conditional 
PA14_56300 fumA 9 1 5 9 1 Conditional 
PA14_56780 sodB 9 9 9 9 9 Core 
PA14_57010 groEL 9 9 9 9 9 Core 
PA14_57020 groES 9 9 9 9 9 Core 
PA14_57190 mutT 0 9 0 9 0 Conditional 
PA14_57220 secA 9 9 9 9 9 Core 
PA14_57250   9 9 9 9 9 Core 
PA14_57260 lpxC 9 9 9 9 9 Core 
PA14_57275 ftsZ 9 9 9 9 9 Core 
PA14_57290 ftsA 9 9 9 9 9 Core 
PA14_57300 ftsQ 9 9 9 9 9 Core 
PA14_57330 murC 9 9 9 9 9 Core 
PA14_57340 murG 9 9 9 9 9 Core 
PA14_57360 ftsW 9 9 9 9 9 Core 
PA14_57370 murD 9 9 9 9 9 Core 
PA14_57380 mraY 9 9 9 9 9 Core 
PA14_57390 murF 9 9 9 9 9 Core 
PA14_57410 murE 9 9 9 9 9 Core 
PA14_57425 ftsI 9 9 9 9 9 Core 
PA14_57440 ftsL 9 9 9 9 9 Core 
PA14_57450 mraW 9 9 9 9 9 Core 
PA14_57460 mraZ 1 9 9 9 9 Conditional 
PA14_57500 diaA 9 9 9 9 9 Core 
PA14_57540 CYC1 0 1 9 8 1 Conditional 
PA14_57560 CYTB 1 1 9 9 1 Conditional 
PA14_57570 UQCRFS1 0 1 9 2 0 Conditional 
PA14_57580 rpsI 9 9 9 9 9 Core 
PA14_57590 rplM 9 9 9 9 9 Core 
PA14_57670 trpS 9 9 9 9 9 Core 
PA14_57770 hisC1 0 9 0 0 0 Conditional 
PA14_57780 hisD 0 9 0 0 0 Conditional 
PA14_57800 hisG 0 9 0 0 0 Conditional 



115 
 

PA14_ID 
Gene 
Name 

# strains 
essential 

(LB) 

# strains 
essential 

(M9) 

# strains 
essential 

(FBS) 

# strains 
essential 
(SCFM) 

# strains 
essential 
(Urine) 

Essential 
Category 

PA14_57810 murA 9 9 9 9 9 Core 
PA14_57890 yrbH 9 9 9 9 9 Core 
PA14_57910 lptC 9 9 9 9 9 Core 
PA14_57920 lptA 9 9 9 9 9 Core 
PA14_57930 lptB 9 9 9 9 9 Core 
PA14_57940 rpoN 9 9 9 9 9 Core 
PA14_57960 ptsN 9 1 9 9 1 Conditional 
PA14_58120 mreD 9 9 9 9 9 Core 
PA14_58130 mreC 9 9 9 9 9 Core 
PA14_58150 mreB 9 9 9 9 9 Core 
PA14_58180 gatA 9 9 9 9 9 Core 
PA14_58190 gatB 9 9 9 9 9 Core 
PA14_58700 nadC 0 9 0 8 0 Conditional 
PA14_58780 coaE 9 9 9 9 9 Core 
PA14_60230 comL 9 9 9 9 9 Core 
PA14_60330 lytB 9 9 9 9 9 Core 
PA14_60360 lspA 9 8 9 9 9 Conditional 
PA14_60370 ileS 9 9 9 9 9 Core 
PA14_60380 ribF 9 9 9 9 9 Core 
PA14_60390 mviN 9 9 9 9 9 Core 
PA14_60400 rpsT 9 9 9 9 9 Core 
PA14_60420 proB 1 9 7 1 0 Conditional 
PA14_60445 obg 9 9 9 9 9 Core 
PA14_60450 rpmA 9 2 9 9 0 Conditional 
PA14_60470 ispB 9 9 9 9 9 Core 
PA14_60890 glyA 9 9 9 9 0 Conditional 
PA14_61360   9 9 9 9 9 Core 
PA14_61400 mqoB 9 2 9 9 2 Conditional 
PA14_61580 hemH 9 9 0 9 9 Conditional 
PA14_61660 murI 9 9 9 9 9 Core 
PA14_61670 moeB 9 9 9 9 9 Core 
PA14_61700 prfA 9 9 9 9 9 Core 
PA14_61710 hemA 9 9 0 9 9 Conditional 
PA14_61740 lolB 9 9 9 9 9 Core 
PA14_61750 ipk 9 9 9 9 9 Core 
PA14_61770 prs 9 6 9 9 7 Conditional 
PA14_61790 pth 9 9 9 9 9 Core 
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# strains 
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(LB) 

# strains 
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(M9) 

# strains 
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essential 
(Urine) 

Essential 
Category 

PA14_61840 vapI 4 3 9 4 5 Conditional 
PA14_61890   9 9 9 9 9 Core 
PA14_62120 pssA 9 9 9 9 9 Core 
PA14_62130 ilvC 0 9 0 0 9 Conditional 
PA14_62150 ilvH 0 9 0 5 9 Conditional 
PA14_62160 ilvI 2 9 0 9 9 Conditional 
PA14_62570 folK 9 9 9 9 9 Core 
PA14_62580 panB 9 1 1 9 8 Conditional 
PA14_62620 pgi 9 0 1 9 3 Conditional 
PA14_62710 pnp 9 9 9 9 9 Core 
PA14_62720 rpsO 9 9 9 9 9 Core 
PA14_62760 infB 9 9 9 9 9 Core 
PA14_62770 nusA 9 9 9 9 9 Core 
PA14_62780 yhbC 9 9 9 9 9 Core 
PA14_62830 tpiA 0 3 9 9 1 Conditional 
PA14_62840 glmM 9 9 9 9 9 Core 
PA14_62850 folP 9 9 9 9 9 Core 
PA14_62860 ftsH 9 1 9 9 3 Conditional 
PA14_62870 rrmJ 9 0 9 9 1 Conditional 
PA14_62910 carB 8 9 9 9 9 Conditional 
PA14_62930 carA 8 9 9 9 9 Conditional 
PA14_62940 dapB 9 9 9 9 9 Core 
PA14_62960 dnaJ 9 9 9 9 9 Core 
PA14_62970 dnaK 9 1 9 9 1 Conditional 
PA14_62990 grpE 9 9 9 9 9 Core 
PA14_63020 fur 9 9 9 9 9 Core 
PA14_63030 omlA 9 9 9 9 9 Core 
PA14_64090 aroQ1 9 9 8 9 9 Conditional 
PA14_64100 accB 9 9 9 9 9 Core 
PA14_64110 accC 9 9 9 9 9 Core 
PA14_64190 fis 9 9 9 9 9 Core 
PA14_64200 purH 0 9 9 9 9 Conditional 
PA14_64220 purD 2 9 9 9 9 Conditional 
PA14_64980 nadE 9 9 9 9 9 Core 
PA14_65130 dnaB 9 9 9 9 9 Core 
PA14_65170 rpsR 9 9 9 9 9 Core 
PA14_65180 rpsF 9 9 9 9 9 Core 
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(LB) 
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(M9) 
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essential 
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Essential 
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PA14_65230 purA 9 9 9 9 9 Core 
PA14_65250 hisX 0 9 0 0 0 Conditional 
PA14_65310 hfq 9 9 9 1 1 Conditional 
PA14_65380 tsaE 9 9 9 9 9 Core 
PA14_65410 orn 5 1 9 8 1 Conditional 
PA14_65560 serB 8 9 8 7 0 Conditional 
PA14_65570   9 9 9 9 9 Core 
PA14_65605 parC 9 9 9 9 9 Core 
PA14_65660 parE 9 9 9 9 9 Core 
PA14_65740 thiC 0 9 0 9 0 Conditional 
PA14_65960 kdtA 9 9 9 9 9 Core 
PA14_66000   9 9 9 9 9 Core 
PA14_66010   9 9 9 9 9 Core 
PA14_66060 waaE 9 9 9 9 9 Core 
PA14_66080 msbA 9 9 9 9 9 Core 
PA14_66090   9 9 9 9 9 Core 
PA14_66170   9 0 9 9 1 Conditional 
PA14_66190   9 9 9 9 9 Core 
PA14_66210 waaX 9 9 9 9 9 Core 
PA14_66220 waaP 9 9 9 9 9 Core 
PA14_66230 waaG 9 9 9 9 9 Core 
PA14_66240 waaC 9 9 9 9 9 Core 
PA14_66250 waaF 9 9 9 9 9 Core 
PA14_66290 aceA 8 1 8 9 1 Conditional 
PA14_66550 hemE 9 9 0 9 9 Conditional 
PA14_66600 aroB 9 9 9 9 9 Core 
PA14_66610 aroK 9 9 8 9 9 Conditional 
PA14_66720 priA 9 9 9 9 8 Conditional 
PA14_66750 argS 9 9 9 9 9 Core 
PA14_66760   9 9 9 9 9 Core 
PA14_66800   3 1 9 5 3 Conditional 
PA14_66900 ubiE 9 9 9 9 9 Core 
PA14_66910 ubiJ 9 9 9 9 9 Core 
PA14_66920 ubiB 9 9 9 9 9 Core 
PA14_66940 hisI 0 9 0 0 0 Conditional 
PA14_66950 hisE 0 9 0 0 0 Conditional 
PA14_66980 tatC 1 1 9 9 1 Conditional 
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PA14_67490 fbp 9 9 9 9 9 Core 
PA14_67600 glnA 9 9 9 9 9 Core 
PA14_67770 pgm 9 9 8 9 9 Conditional 
PA14_67880 hisF1 0 9 1 1 0 Conditional 
PA14_67890 hisA 0 9 0 0 0 Conditional 
PA14_67930 hisB 0 9 0 0 0 Conditional 
PA14_68170 rmlB 9 2 9 9 4 Conditional 
PA14_68190 rmlD 9 2 6 9 2 Conditional 
PA14_68210 rmlC 9 2 9 9 7 Conditional 
PA14_68360 fabY 9 9 9 9 9 Core 
PA14_68670 ldcA 8 0 1 0 9 Conditional 
PA14_68740 argA 0 9 9 0 9 Conditional 
PA14_68955 ubiI 9 9 9 9 9 Core 
PA14_68980 ubiH 9 9 9 9 9 Core 
PA14_69150 ubiD 9 9 9 9 9 Core 
PA14_69190 rho 9 9 9 9 9 Core 
PA14_69200 trxA 9 1 9 9 8 Conditional 
PA14_69240 hemB 9 9 0 9 9 Conditional 
PA14_69440 hemD 9 9 0 9 9 Conditional 
PA14_69450 hemC 9 9 0 9 9 Conditional 
PA14_69500 argH 0 9 9 9 9 Conditional 
PA14_69670 lysA 0 9 5 0 9 Conditional 
PA14_69690 dapF 9 9 9 9 9 Core 
PA14_69810 glnK 8 9 9 9 9 Conditional 
PA14_69910 rep 9 1 9 9 9 Conditional 
PA14_70190 rpmB 9 1 9 9 9 Conditional 
PA14_70240 coaBC 9 9 9 9 9 Core 
PA14_70260 dut 9 5 8 9 8 Conditional 
PA14_70280 argB 0 9 0 0 9 Conditional 
PA14_70370 pyrE 0 7 3 9 6 Conditional 
PA14_70440 gmk 9 9 9 9 9 Core 
PA14_70730 ubiA 9 9 9 9 9 Core 
PA14_70800 phoU 8 9 8 9 6 Conditional 
PA14_70810 pstB 9 0 0 2 0 Conditional 
PA14_71600 purK 0 9 8 9 9 Conditional 
PA14_71620 purE 0 9 9 9 9 Conditional 
PA14_71720 oadA 0 9 0 0 0 Conditional 
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PA14_71740 accC 0 9 1 0 0 Conditional 
PA14_71750 pycR 0 9 0 0 0 Conditional 
PA14_72480 engB 9 9 9 9 9 Core 
PA14_72490 polA 3 1 9 7 1 Conditional 
PA14_72970 tonB 9 9 9 9 9 Core 
PA14_73170 glmS 9 9 9 9 9 Core 
PA14_73220 glmU 9 9 9 9 9 Core 
PA14_73240 atpD 9 9 9 9 9 Core 
PA14_73250 atpG 9 9 9 9 9 Core 
PA14_73260 atpA 9 9 9 9 9 Core 
PA14_73280 atpH 9 9 9 9 9 Core 
PA14_73310 atpB 9 9 9 9 9 Core 
PA14_73320 atpI 9 1 9 9 9 Conditional 
PA14_73370 gidA 9 9 9 9 9 Core 
PA14_73400 thdF 9 9 9 9 9 Core 
PA14_73410 yidC 9 9 9 9 9 Core 
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Figure 3.1: Construction of a Pseudomonas essential gene knockdown library 
An sgRNA library of 3,112 oligonucleotides represents 528 PA14 genes demonstrating 
essentiality in LB or infection-related media targeted by 4 sgRNAs per gene as well as 
1,000 non-targeting sgRNA controls. The pooled sgRNA library was inserted into 
restriction digested Mobile-CRISPRi plasmids containing a constitutive promoter driving 
dCas9 activity. The pooled Mobile-CRISPRi constructs were transferred into an E. coli 
mating strain and chromosomally integrated into PA14 through triparental mating to 
generate a pooled knockdown library.  
 
 
 
The representation of the 1,000 non-targeting sgRNAs followed a normal distribution in 

the pooled mating strain library and in the pooled PA14 knockdown library 

(Supplementary Fig. 3.1), suggesting that there were no significant technical 

bottlenecks in construction of the mating strain library. However, next-generation 

sequencing revealed that ~12% of targeted genes were not detected in the PA14 

knockdown library inoculum (Supplementary Fig. 3.1). Ultimately, the PA14 knockdown 

library consists of 466 genes represented by at least one sgRNA.     
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Supplementary Figure 3.1: sgRNA distributions in pooled mating strain library and 
pooled PA14 knockdown library 
(A) Histogram of targeting (blue-grey) and non-targeting (yellow) sgRNAs present in the 
mating strain knockdown library. (B) Histogram of targeting (blue-grey) and non-
targeting (yellow) sgRNAs present in PA14 knockdown library.  

 

An in vivo CRISPRi screen in P. aeruginosa murine pneumonia model 

overcomes infection-associated bottlenecks 

Pooled library infections are affected by bottlenecks that can confound the effects of 

genetic inhibition on measurement of strain loss after infection. (21) Bottlenecks can arise 

from several mechanisms such as: physical barriers to infection, strain loss during 

inoculation, host clearance pathways as the bacteria transition to invasive disease, or 

stochastic depletion of mutant strains. Other technical issues with experimental infection 

models in animals include induction of fatal septic shock with too high of a bacterial 

inoculum, underrepresentation of the library at time of inoculation or sacrifice, and 

https://paperpile.com/c/wAiJ9z/pjPV
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insufficient duration of infection resulting in too few bacterial doublings, all of which 

disallow robust detection of strain depletion.  

Our experimental protocol addressed these pitfalls. Direct intratracheal instillation (22) 

was preferred to other indirect delivery methods, such as intranasal instillation, which 

may generate an additional physical barrier and subsequent strain loss. To minimize the 

loss of knockdown strains targeting highly vulnerable genes in our inoculum, mice were 

inoculated with a dilution from a thawed glycerol stock, rather than allowing the pooled 

libraries to grow in axenic culture before inoculation (Fig. 3.2A). Inefficient PCR 

amplification from gDNA isolated directly from the lung homogenates created a 

technical bottleneck that was surmounted by plating the lung homogenates on agar 

plates prior to gDNA extraction (Fig. 3.2B). As a strategy to distinguish unique 

vulnerabilities associated with the infection environment from general growth defects 

conferred by repression of an essential gene, an in vitro screen was carried out in parallel 

to the in vivo screen (Fig. 3.2C).   

Two groups of five mice were intratracheally instilled with approximately 4.6E11 

CFU/animal and 4.6E10 CFU/animal of the PA14 knockdown library (Fig. 3.2A). This 1-log 

variation in the bacterial inoculum drastically affected the ability of mice to clear the 

infection. In the 4.6E10 CFU/animal group, the recovery of animal temperature and 

weights by the 24-hour time point indicated drastic clearance of infection (Fig. 3.2D). 

Indeed, the population of negative control sgRNAs is skewed in the lung homogenate 

https://paperpile.com/c/wAiJ9z/ariP


123 
 

samples recovered from this group, suggesting stochastic depletion independent of 

genetic perturbation. Next-generation sequencing accordingly exposed bottlenecks in 

the samples recovered from mice infected with the diluted inoculum that prohibited 

downstream assessment of gene vulnerability.  

Within the group of mice infected with the more concentrated inoculum of 4.6E11 

CFU/animal, two mice succumbed to the infection during the 24-hour period. The 

relatively low weight loss coupled with large temperature change in the three surviving 

mice suggest this was likely due to septic shock (Fig. 3.2D). In the lung homogenates 

from the three surviving mice, normal distributions of non-targeting controls are 

recovered, suggesting that the infection bottleneck issue was subdued (Fig. 3.2E). 

Evaluation of the bottleneck size revealed that the population complexity of the library 

was similar between gene-targeting and non-targeting strains in both the in vitro and in 

vivo samples (Fig. 3.2F). The similarity of the distributions between the inoculum and in 

vitro samples suggests that the strains in the PA14 knockdown library have already 

adapted to growth in LB during the library construction process (Fig. 3.2E). In contrast, 

the distribution of gene-targeting sgRNAs is skewed in the in vivo sample, implying that 

the fitness of the knockdown strains changes in the infection environment (Fig. 3.2E).   
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Figure 3.2: Murine pneumonia infection with PA14 Essential Gene Knockdown 
Library  
(A) Two groups of five mice were intratracheally instilled with approximately 4.6E11 
CFU/animal and 4.6E10 CFU/animal of the PA14 knockdown library. (B) Following 24 hours 
of infection, lung homogenates were plated on PIA + 30 μg/mL gentamicin. Colonies 
were scraped from plates after 24 hours of growth, followed by gDNA extraction, 
amplicon library preparation, and NGS. (C) Simultaneously, inoculum was added to 25 mL 
LB and grown for 6 generations before plating on PIA + 30 μg/mL gentamicin. (D) Change 
in mice’s rectal temperatures and weights following 24 hours of infection. (E) Distribution 
of gene-targeting and non-targeting sgRNAs recovered from the plated samples 
representing inoculum, in vitro growth, and lung homogenates. (F) Bottleneck size 
estimates from in vitro samples and in vivo samples corresponding to the 4.6E11 
CFU/animal infection  
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An in vivo CRISPRi Screen Reveals Gene Vulnerability during Murine 

Pneumonia 

In probing the importance of PA14 genes during murine pneumonia infection, we sought 

to identify hypomorphs with heightened vulnerability to clearance by the host. Of the 

466 genes represented in the PA14 essential gene knockdown library, strains 

corresponding to 187 genes were depleted (LFC < -1, FDR < 0.05) after 24 hours of 

growth in the mouse lung (Fig. 3A). The complete set of depleted genes was not 

associated with a single biological pathway, suggesting that perturbation of essential 

genes from a variety of processes generates in vivo vulnerabilities (Fig. 3B). Notably, 

knockdown strains associated with lipopolysaccharide and lipoprotein transport, purine 

biosynthesis, ubiquinone biosynthesis, DNA replication, and translation were associated 

with significant in vivo vulnerabilities. Of note, virulence pathways mediated by secreted 

products, like siderophore production, or community dynamics may not be captured in 

this pooled CRISPRi screen if such deficiencies in one member of the library can be 

compensated for by other co-infected members of the library. (23) 

 

https://paperpile.com/c/wAiJ9z/ciqk
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Figure 3.3: PA14 essential gene vulnerabilities in in vitro and in vivo screens 
(A) Volcano plots of average strain depletion corresponding to each targeted gene after 
6 generations of growth in LB, 24 of murine pneumonia infection, and in vivo vulnerability 
normalized to in vitro vulnerability. Data used to generate this graph is presented in 
Supplementary Table 3.2. (B) Sankey diagram depicting number of genes where 
knockdown led to in vivo vulnerability, in vitro vulnerability, and/or greater in vivo 
vulnerability than in vitro vulnerability. (C) Median log2 fold change for each sgRNA 
(gene-targeting and non-targeting) in the listed condition compared to the inoculum.   
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Supplementary Table 3.2: Data from screens normalized to inoculum  
Log2 fold change and false discovery rates for all detected and the statistical comparison 
of the two conditions 
    In vitro  In vivo In vivo v. in vitro  
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_65740 thiC 0.86 8.38E-01 -0.41 8.12E-01 -1.49 4.75E-03 
PA14_33270 pvdG -0.04 1.00E+00 0.04 9.03E-05 0.06 3.13E-04 
PA14_00440 trpA -0.36 1.00E+00 -0.13 5.22E-01 0.00 7.03E-01 
PA14_11460 thiL -0.21 1.00E+00 -0.87 1.64E-03 -0.31 2.97E-03 
PA14_66940 hisI -0.46 1.00E+00 -1.10 2.73E-04 -0.16 4.54E-02 
PA14_08470 hemJ 0.31 1.00E+00 -0.32 3.71E-05 -1.29 3.27E-03 
PA14_14800 fdx2 -0.64 1.00E+00 -1.93 1.80E-10 -1.88 2.63E-05 
PA14_62840 glmM -0.20 1.00E+00 -6.14 9.24E-22 -5.96 4.51E-21 
PA14_25660 fabG -0.20 1.00E+00 -2.61 4.77E-17 -2.43 5.30E-12 
PA14_67880 hisF1 -0.02 1.00E+00 -0.32 9.90E-01 -0.22 5.68E-01 
PA14_61670 moeB 0.20 1.00E+00 -3.45 1.10E-15 -3.66 8.29E-16 
PA14_61740 lolB 0.21 1.00E+00 -5.16 3.63E-28 -5.56 1.49E-26 
PA14_12390 hemL 0.03 1.00E+00 0.15 3.40E-02 0.10 1.74E-01 
PA14_05280 ruvX -0.13 1.00E+00 -2.63 8.68E-21 -2.45 9.00E-15 
PA14_41870 cysB 0.20 1.00E+00 -0.08 5.72E-01 -0.08 8.15E-01 
PA14_62990 grpE 0.28 1.00E+00 0.61 4.83E-03 0.16 6.25E-01 
PA14_18700 rnt -0.41 1.00E+00 -1.65 1.80E-11 -1.45 1.08E-04 
PA14_67890 hisA 0.42 1.00E+00 -0.33 1.16E-02 -0.59 8.85E-02 
PA14_16950 dapD 0.08 1.00E+00 -2.47 6.27E-14 -2.15 8.35E-13 
PA14_12280 lnt 0.03 1.00E+00 0.51 4.57E-02 0.33 1.60E-01 
PA14_55800 cpaA -0.07 1.00E+00 -0.35 6.98E-01 -0.30 9.70E-01 
PA14_31290 lecA 0.04 1.00E+00 0.09 4.16E-02 0.05 3.37E-01 
PA14_15960 ffh 0.39 9.98E-01 -0.93 3.85E-02 -1.33 1.36E-03 
PA14_46020 yfiP -0.08 1.00E+00 0.13 1.98E-02 0.19 4.16E-02 
PA14_52850  0.05 1.00E+00 -0.13 8.56E-01 -0.10 7.96E-01 
PA14_36780 mgtC 0.14 1.00E+00 -1.53 1.27E-04 -1.15 1.79E-02 
PA14_23460 orfN -0.80 6.75E-01 -3.06 3.91E-30 -2.27 3.00E-13 
PA14_57670 trpS -0.03 1.00E+00 -2.57 1.16E-01 -2.56 3.20E-02 
PA14_12310 ybeY 0.15 1.00E+00 -0.31 3.83E-01 -0.31 9.05E-01 
PA14_44920  -0.08 1.00E+00 0.02 2.57E-01 0.06 3.33E-01 
PA14_41060 rnhA -0.23 1.00E+00 -6.48 1.61E-23 -6.26 1.77E-21 
PA14_25760 holB 0.10 1.00E+00 0.25 1.34E-05 -0.07 3.92E-03 
PA14_04630 ilvD 0.17 1.00E+00 -0.86 2.99E-02 -1.66 3.62E-04 
PA14_61660 murI -0.09 1.00E+00 -4.04 1.30E-15 -3.96 6.32E-16 
PA14_62940 dapB 0.15 1.00E+00 0.11 2.46E-01 0.06 3.47E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_69440 hemD 0.09 1.00E+00 -0.33 5.86E-01 -0.22 1.53E-01 
PA14_05070 metW 0.12 1.00E+00 -0.43 8.03E-01 -0.64 5.53E-01 
PA14_68210 rmlC -1.54 9.93E-01 -2.50 1.19E-10 -0.98 9.08E-02 
PA14_51730 tolA 0.15 1.00E+00 -0.94 1.22E-01 -0.97 2.61E-01 
PA14_11410 ribC -0.07 1.00E+00 -0.08 7.54E-01 -0.15 8.51E-01 
PA14_30330 serS -0.32 1.00E+00 -0.06 7.35E-01 0.25 3.57E-01 
PA14_71750 pycR 0.12 1.00E+00 0.21 3.32E-02 0.13 8.91E-02 
PA14_04460 lgt 0.18 1.00E+00 -1.38 7.86E-01 -1.58 4.13E-01 
PA14_17120 cdsA 0.03 1.00E+00 -0.73 1.04E-01 -0.67 4.67E-01 
PA14_70280 argB -0.07 1.00E+00 0.45 1.43E-07 0.53 1.65E-06 
PA14_23850 trpF 0.15 1.00E+00 -0.09 6.54E-01 -0.17 6.22E-01 
PA14_66240 waaC 0.16 1.00E+00 -2.25 1.92E-08 -2.76 4.75E-08 
PA14_62620 pgi -0.43 1.00E+00 -3.13 1.48E-17 -2.72 1.81E-12 
PA14_55390  -0.17 1.00E+00 -0.11 3.61E-12 -0.07 7.41E-08 
PA14_61890  0.35 1.00E+00 0.23 2.71E-11 -0.14 1.25E-07 
PA14_44910  0.08 1.00E+00 -0.10 6.66E-01 0.03 6.29E-01 
PA14_24710 evgA 0.16 1.00E+00 0.24 1.94E-01 0.09 4.51E-01 
PA14_70370 pyrE 0.04 1.00E+00 -0.69 2.76E-01 -0.75 1.50E-01 
PA14_66600 aroB 0.25 1.00E+00 -3.25 5.57E-06 -3.51 3.84E-05 
PA14_71620 purE 2.19 1.00E+00 -0.13 8.96E-01 -2.33 1.88E-01 
PA14_73170 glmS -0.17 1.00E+00 -2.23 1.70E-13 -2.07 6.29E-09 
PA14_68170 rmlB -1.71 6.94E-01 -3.87 1.39E-15 -2.18 5.69E-04 
PA14_17100 frr -0.76 9.76E-01 -1.03 3.41E-22 -0.29 2.30E-14 
PA14_62720 rpsO 0.46 1.00E+00 -0.89 7.94E-12 -1.39 3.04E-10 
PA14_16070 hom 0.58 9.99E-01 -0.12 4.63E-01 -0.97 1.73E-01 
PA14_18610 argF -0.21 1.00E+00 -0.16 8.40E-01 0.03 5.03E-01 
PA14_23790 leuB -0.04 1.00E+00 -1.15 1.14E-04 -1.15 3.82E-05 
PA14_66230 waaG 0.12 1.00E+00 0.04 8.28E-03 -0.10 2.41E-03 
PA14_08360 trpC 0.11 1.00E+00 -0.01 4.69E-01 -0.15 9.48E-01 
PA14_39980 qscR -0.33 1.00E+00 -0.51 7.81E-06 -0.15 5.63E-03 
PA14_69690 dapF -0.21 1.00E+00 0.03 4.82E-02 0.07 3.75E-01 
PA14_17080 pyrH -0.42 9.99E-01 -1.48 5.03E-15 -1.08 1.53E-08 
PA14_71600 purK 0.06 1.00E+00 0.06 1.69E-01 -0.27 8.09E-01 
PA14_17420 ispF 0.05 1.00E+00 -0.86 1.98E-02 -0.66 2.21E-01 
PA14_07940 trpE -0.04 1.00E+00 -0.62 2.04E-01 -0.50 5.30E-01 
PA14_11510 ribA -0.35 9.98E-01 -6.42 7.82E-15 -6.09 5.05E-13 
PA14_46470 pdxB -0.53 1.00E+00 -1.49 1.47E-01 -1.22 1.48E-01 
PA14_15030 leuA -0.03 1.00E+00 -0.34 2.28E-02 -0.56 1.86E-02 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_60390 mviN -0.64 1.00E+00 -1.16 5.87E-03 -0.54 2.17E-01 
PA14_55670 recB -0.41 1.00E+00 -1.11 5.43E-07 -0.54 6.96E-02 
PA14_49470 nrdB -0.45 1.00E+00 -3.80 1.45E-19 -3.36 7.17E-14 
PA14_23760 leuD 0.06 1.00E+00 -0.51 3.15E-01 -0.53 7.57E-01 
PA14_08480 argC -0.01 1.00E+00 -0.20 8.35E-01 -0.42 8.61E-01 
PA14_30150 trmU -1.23 1.00E+00 -5.07 4.50E-16 -3.86 2.19E-10 
PA14_25690 fabF1 -0.56 1.00E+00 -2.96 1.39E-30 -2.31 3.66E-18 
PA14_23090 eda -0.08 9.99E-01 0.26 9.45E-03 0.08 5.33E-01 
PA14_68360 fabY 0.20 1.00E+00 -1.70 1.50E-01 -1.86 2.42E-01 
PA14_07130 tktA -0.07 9.98E-01 -0.65 1.82E-01 -0.59 3.75E-01 
PA14_08350 trpD -0.01 1.00E+00 -0.78 6.48E-02 -0.85 1.14E-01 
PA14_68740 argA -0.12 1.00E+00 0.28 4.60E-03 0.39 1.11E-02 
PA14_23070 zwf 0.23 1.00E+00 -1.01 9.95E-05 -1.07 2.14E-02 
PA14_57190 mutT -0.09 1.00E+00 0.23 1.06E-06 0.30 9.70E-06 
PA14_54480 ygfZ -0.43 1.00E+00 -7.45 5.07E-63 -4.89 7.49E-43 
PA14_17340 ispD 0.05 1.00E+00 -4.61 1.29E-40 -4.81 6.79E-36 
PA14_57560 CYTB -1.08 1.00E+00 -0.62 5.96E-01 0.11 6.65E-01 
PA14_62930 carA 0.89 1.00E+00 0.35 2.28E-02 -0.46 5.02E-01 
PA14_57800 hisG 0.03 1.00E+00 -0.69 2.62E-01 -0.71 5.72E-01 
PA14_08510 erpA -0.10 1.00E+00 -0.77 3.95E-01 -0.69 5.45E-01 
PA14_05590 metF -0.06 1.00E+00 -0.42 7.86E-01 -0.38 4.89E-01 
PA14_04380  0.25 1.00E+00 -0.67 6.73E-02 -0.85 6.05E-02 
PA14_05150 proC -0.58 1.00E+00 -0.54 6.54E-02 -0.79 1.32E-01 
PA14_52580 lysC 0.23 1.00E+00 -1.82 8.45E-13 -2.17 1.02E-09 
PA14_60470 ispB -0.09 1.00E+00 -0.71 2.25E-01 -0.63 5.62E-01 
PA14_06540 bioC -0.40 1.00E+00 -1.31 1.00E-08 -0.93 4.22E-04 
PA14_60360 lspA 1.44 1.00E+00 -5.60 7.14E-08 -7.06 5.30E-09 
PA14_23800 asd -0.28 1.00E+00 -0.42 3.26E-02 -0.16 8.36E-02 
PA14_07590 folB 0.14 1.00E+00 -2.80 2.39E-12 -2.95 4.38E-11 
PA14_69240 hemB -0.01 1.00E+00 -1.36 2.04E-05 -1.08 7.99E-04 
PA14_54330 rnc -0.31 1.00E+00 -0.71 1.28E-03 -0.42 6.29E-02 
PA14_70810 pstB 0.15 1.00E+00 -0.05 5.31E-01 -0.06 7.17E-01 
PA14_65180 rpsF 0.45 1.00E+00 -8.83 3.90E-12 -9.29 3.01E-13 
PA14_71720 oadA 0.54 1.00E+00 0.69 1.22E-09 0.08 3.06E-01 
PA14_00240 tsaC 0.12 9.97E-01 -1.08 5.55E-03 -2.10 2.79E-05 
PA14_60420 proB 0.09 1.00E+00 0.15 5.53E-09 0.14 8.82E-07 
PA14_17280 mesJ -1.39 1.00E+00 -5.36 3.73E-24 -3.82 2.55E-12 
PA14_66610 aroK -0.13 1.00E+00 -0.92 9.33E-02 -0.88 6.05E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_15680 cumB -0.07 1.00E+00 -0.78 9.47E-03 -0.75 2.67E-01 
PA14_12120 lipB 0.00 1.00E+00 -0.81 5.97E-04 -0.82 6.37E-03 
PA14_69910 rep -0.43 1.00E+00 -6.16 5.13E-41 -5.31 2.38E-32 
PA14_17070 tsf -1.11 9.97E-01 -8.13 1.96E-50 -7.04 6.38E-38 
PA14_30380 tusB -0.05 1.00E+00 -2.66 1.05E-07 -2.47 2.27E-05 
PA14_71740 accC 0.03 1.00E+00 -0.20 1.98E-05 -0.24 1.09E-01 
PA14_55770 pitA -0.50 1.00E+00 -0.98 2.46E-09 -0.78 1.12E-06 
PA14_62160 ilvI 0.36 1.00E+00 -0.95 1.08E-05 -1.21 1.09E-08 
PA14_70730 ubiA -0.33 1.00E+00 -6.06 3.40E-10 -5.76 1.63E-07 
PA14_06570 bioD 0.16 1.00E+00 -0.42 4.19E-01 -0.52 5.83E-01 
PA14_11090 cupB4 0.10 1.00E+00 -0.35 9.63E-01 -0.46 9.48E-01 
PA14_45290 ccmH 0.27 1.00E+00 -0.30 7.12E-02 -0.14 7.98E-01 
PA14_44370 ccoN -0.32 1.00E+00 -0.60 2.98E-01 -0.23 7.53E-01 
PA14_57770 hisC1 -0.02 1.00E+00 -1.38 4.93E-07 -1.33 8.43E-03 
PA14_30290 ftsK -0.09 9.98E-01 -1.17 3.20E-04 -1.10 3.82E-03 
PA14_61750 ipk -0.22 1.00E+00 -0.44 1.80E-03 -0.11 5.83E-02 
PA14_07190 pgk 0.20 1.00E+00 -0.69 1.13E-03 -0.77 2.33E-02 
PA14_67930 hisB 0.48 1.00E+00 -0.11 8.32E-04 -0.60 2.51E-03 
PA14_57250  -0.13 1.00E+00 -0.43 7.90E-05 -0.26 2.23E-03 
PA14_08730 rplA 0.29 1.00E+00 0.35 1.10E-06 0.05 7.10E-02 
PA14_00280 hemF -0.50 1.00E+00 -0.76 3.75E-01 -0.28 8.19E-01 
PA14_62970 dnaK 1.12 9.40E-01 0.93 3.72E-11 0.23 3.19E-02 
PA14_57780 hisD 0.14 1.00E+00 -0.35 4.95E-01 -0.51 9.04E-01 
PA14_25390 sth 0.01 1.00E+00 -0.05 4.72E-01 -0.02 8.82E-01 
PA14_61790 pth -0.43 1.00E+00 -1.72 2.84E-08 -1.34 5.25E-03 
PA14_69810 glnK -0.43 1.00E+00 -2.69 3.35E-04 -2.27 8.35E-03 
PA14_11560 ispA -0.20 1.00E+00 -3.28 2.70E-06 -3.04 4.23E-06 
PA14_62130 ilvC 0.44 1.00E+00 0.19 6.90E-01 -0.47 7.60E-01 
PA14_22040 minC -0.20 1.00E+00 -1.07 3.17E-04 -0.88 5.69E-02 
PA14_61400 mqoB 0.01 1.00E+00 -3.48 1.74E-17 -3.62 9.94E-15 
PA14_54290 pdxJ 0.02 1.00E+00 -1.31 2.33E-05 -1.36 1.28E-02 
PA14_31580 ACADM 0.11 1.00E+00 0.22 1.14E-03 0.10 1.28E-01 
PA14_62150 ilvH 0.43 1.00E+00 0.58 2.36E-02 -0.85 2.00E-01 
PA14_16480 wspF 0.45 1.00E+00 -1.65 1.95E-03 -1.60 1.99E-05 
PA14_50800 pdxH -0.08 1.00E+00 -2.69 5.56E-10 -2.73 1.20E-05 
PA14_25250 gapA -0.10 1.00E+00 -3.66 5.26E-15 -3.58 1.42E-11 
PA14_07740 pdxA -0.35 1.00E+00 -2.57 5.37E-05 -1.86 7.70E-03 
PA14_60330 lytB 0.00 1.00E+00 -1.97 1.24E-12 -1.99 4.52E-09 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_41050 dnaQ -0.33 9.98E-01 -6.20 1.18E-27 -5.88 3.84E-24 
PA14_14880 ispG -0.71 1.00E+00 -5.85 4.74E-15 -3.81 5.66E-10 
PA14_17110 uppS -1.41 1.00E+00 -3.88 8.35E-06 -2.48 1.97E-03 
PA14_65380 tsaE -0.07 1.00E+00 -3.31 7.13E-06 -2.54 8.19E-05 
PA14_17180 lpxD 0.18 9.98E-01 0.38 1.83E-02 0.19 2.06E-01 
PA14_19050 metG 0.29 9.98E-01 -3.77 8.61E-09 -4.07 3.52E-09 
PA14_14650 secF 0.18 1.00E+00 -0.51 6.52E-01 -0.30 9.61E-01 
PA14_05260 pyrB 0.47 1.00E+00 0.06 6.03E-02 -0.43 4.59E-01 
PA14_05080 metX -0.17 1.00E+00 -0.69 1.48E-01 -0.75 1.35E-01 
PA14_23500 tyrB 0.19 1.00E+00 -0.51 1.01E-01 -0.74 2.66E-02 
PA14_66760  0.29 1.00E+00 -1.19 3.33E-01 -1.49 1.12E-01 
PA14_04310 rpiA -0.11 1.00E+00 -2.12 8.33E-09 -2.03 2.01E-07 
PA14_24220 ppnK 0.27 1.00E+00 0.02 7.74E-03 -0.56 4.17E-01 
PA14_70800 phoU 0.09 1.00E+00 -2.80 3.18E-02 -2.66 1.23E-02 
PA14_57570 UQCRFS1 -0.29 1.00E+00 -0.62 7.90E-01 -0.26 9.88E-01 
PA14_25650 fabD -0.01 1.00E+00 -3.93 1.56E-10 -3.94 6.54E-10 
PA14_65605 parC -0.04 1.00E+00 -0.50 2.98E-06 -0.45 7.44E-05 
PA14_07770 lptD 1.08 1.00E+00 -6.86 3.94E-25 -7.95 5.07E-28 
PA14_00450 trpB 0.18 1.00E+00 -0.16 3.35E-04 -0.14 4.42E-03 
PA14_65230 purA -0.28 1.00E+00 -5.12 1.44E-09 -3.41 1.61E-07 
PA14_23220 ubiG 0.06 1.00E+00 -1.57 6.92E-09 -1.65 2.71E-08 
PA14_00050 gyrB -0.16 1.00E+00 -0.70 5.91E-01 -0.55 6.17E-01 
PA14_44070 gltA -0.44 1.00E+00 -1.50 1.96E-02 -1.07 1.22E-01 
PA14_05250 pyrC -0.08 9.99E-01 -0.57 5.71E-06 -2.18 6.37E-09 
PA14_41840 cysH 0.34 1.00E+00 0.22 5.38E-01 0.02 8.65E-01 
PA14_58780 coaE 0.12 1.00E+00 -0.92 2.68E-01 -1.30 2.30E-01 
PA14_68980 ubiH -0.65 1.00E+00 -8.77 3.36E-05 -8.14 1.43E-03 
PA14_66920 ubiB 0.11 1.00E+00 -0.06 1.86E-02 -0.19 2.20E-01 
PA14_66980 tatC -0.60 1.00E+00 -5.15 3.41E-12 -4.57 9.50E-08 
PA14_44440 fixI -0.30 1.00E+00 -0.18 9.59E-01 0.05 4.31E-01 
PA14_73400 thdF -0.70 1.00E+00 -1.12 1.75E-02 -0.10 8.16E-01 
PA14_14770 hscB -0.38 9.98E-01 -1.05 1.81E-02 -0.68 3.65E-01 
PA14_57540 CYC1 -0.67 1.00E+00 -0.63 4.67E-01 -0.12 8.69E-01 
PA14_30670 pgsA -1.74 9.81E-01 -4.07 5.45E-14 -2.62 8.15E-05 
PA14_68670 ldcA 0.38 1.00E+00 -0.42 1.44E-01 -1.01 4.56E-01 
PA14_17130 ispC -0.68 1.00E+00 -7.15 5.89E-30 -6.49 3.56E-22 
PA14_07620 cca -0.09 1.00E+00 -1.62 4.74E-17 -1.56 1.49E-12 
PA14_08620 birA -0.07 1.00E+00 -3.74 9.53E-18 -3.86 1.56E-15 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_62760 infB -0.53 1.00E+00 -0.34 1.12E-01 0.51 1.45E-01 
PA14_25560 rne -0.21 1.00E+00 -1.75 9.43E-03 -1.14 1.20E-01 
PA14_28650 thrS 0.76 1.00E+00 -1.27 1.16E-01 -2.04 1.31E-03 
PA14_00200 def 0.19 1.00E+00 -2.45 8.31E-05 -2.66 6.98E-08 
PA14_56300 fumA -1.12 1.00E+00 -1.33 2.63E-01 -0.12 7.30E-01 
PA14_65130 dnaB 0.05 9.98E-01 -2.95 1.09E-09 -3.01 4.92E-09 
PA14_14750 icsA -1.58 1.00E+00 -3.62 6.18E-15 -2.04 6.35E-06 
PA14_41400 lpxH 0.42 1.00E+00 -1.75 2.39E-05 -2.65 8.13E-09 
PA14_30370 tusE 0.05 1.00E+00 0.25 1.26E-06 0.00 5.85E-04 
PA14_51720 tolB 0.38 1.00E+00 -0.59 3.26E-01 -1.04 6.63E-02 
PA14_57360 ftsW 0.05 9.98E-01 -4.26 2.69E-06 -4.32 6.52E-06 
PA14_66010  0.10 1.00E+00 -3.97 5.86E-03 -4.08 2.21E-02 
PA14_32130 xylL 0.06 1.00E+00 -0.38 7.15E-01 -0.47 6.81E-02 
PA14_05460 bioA -0.14 1.00E+00 -0.68 8.98E-01 -0.35 8.92E-01 
PA14_23930 metZ -0.08 1.00E+00 -0.01 3.41E-01 -0.03 6.34E-01 
PA14_20140 fpr 0.06 1.00E+00 -0.13 2.28E-06 -0.36 1.81E-04 
PA14_62580 panB 1.01 1.00E+00 -3.87 2.61E-10 -5.41 2.08E-13 
PA14_70240 coaBC -0.78 1.00E+00 0.07 1.44E-01 0.83 2.44E-01 
PA14_65170 rpsR 0.30 1.00E+00 -7.23 3.88E-09 -7.15 1.11E-07 
PA14_55660 recD -0.05 1.00E+00 -1.62 2.28E-04 -1.59 1.04E-03 
PA14_18740 argG 0.32 1.00E+00 0.66 4.49E-07 0.10 4.41E-02 
PA14_69670 lysA 0.09 1.00E+00 0.31 4.49E-03 0.47 1.96E-02 
PA14_14500 lptF -1.05 9.98E-01 -6.56 1.11E-16 -5.52 3.30E-12 
PA14_23330 rpsA 0.22 9.98E-01 -7.75 2.01E-54 -7.99 7.82E-55 
PA14_66220 waaP 0.12 1.00E+00 -4.86 1.47E-24 -5.60 3.92E-23 
PA14_41470 acnB -0.10 1.00E+00 -2.06 1.33E-02 -1.97 8.13E-02 
PA14_17270 accA 0.29 1.00E+00 -0.20 5.36E-01 -0.58 6.28E-01 
PA14_66210 waaX 0.39 1.00E+00 -0.51 7.65E-01 -0.91 2.21E-01 
PA14_70260 dut -0.34 1.00E+00 -1.04 5.20E-05 -0.73 2.00E-02 
PA14_07090 metK -0.77 1.00E+00 -5.84 1.30E-13 -5.09 4.77E-11 
PA14_66800  -0.12 1.00E+00 -0.79 1.00E-03 -0.64 2.88E-02 
PA14_52050 purN -0.03 1.00E+00 -4.48 2.05E-12 -5.42 4.12E-12 
PA14_27210 efp -0.63 1.00E+00 -3.23 3.86E-06 -1.84 4.73E-03 
PA14_06510 bioF -0.45 1.00E+00 0.05 1.21E-01 0.20 4.06E-01 
PA14_62710 pnp -0.15 1.00E+00 -4.88 1.08E-09 -4.75 1.76E-09 
PA14_54320 era 0.12 1.00E+00 -1.12 6.60E-05 -1.25 6.72E-03 
PA14_72970 tonB1 -0.53 1.00E+00 -0.30 4.09E-01 0.26 7.54E-02 
PA14_11860 ubiX -0.63 1.00E+00 -4.96 1.53E-23 -3.89 5.20E-14 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_23080 pgl 0.28 1.00E+00 -0.51 3.21E-02 -0.92 2.38E-01 
PA14_11400 ribD 0.64 1.00E+00 -2.47 4.39E-05 -3.12 2.89E-06 
PA14_43680 fabA 0.13 1.00E+00 -0.04 6.84E-01 -0.19 9.90E-01 
PA14_69500 argH 0.47 1.00E+00 0.69 2.56E-02 0.10 6.83E-01 
PA14_66950 hisE -0.69 1.00E+00 -1.57 1.12E-06 -1.25 7.03E-02 
PA14_51710 oprL 0.42 1.00E+00 -2.13 1.49E-02 -2.48 1.75E-03 
PA14_61360  -0.97 1.00E+00 0.40 7.77E-01 1.36 4.68E-01 
PA14_24640 pyrD 0.13 1.00E+00 -0.16 4.71E-02 -0.26 4.25E-01 
PA14_12410 thiD 0.70 1.00E+00 -2.36 2.78E-01 -3.07 2.15E-01 
PA14_00290 aroE 0.25 1.00E+00 -1.75 3.39E-03 -1.86 1.28E-03 
PA14_04750 fdx1 0.19 9.98E-01 -0.86 2.70E-01 -1.07 1.89E-01 
PA14_25550 murB -0.33 1.00E+00 -5.67 6.20E-58 -4.87 9.03E-52 
PA14_00070 gmhB 0.34 9.98E-01 -1.99 1.83E-04 -2.34 2.85E-05 
PA14_62570 folK 0.05 1.00E+00 0.15 1.38E-03 0.16 4.20E-02 
PA14_25080 fadB -0.44 1.00E+00 -2.17 4.80E-03 -1.75 6.24E-02 
PA14_66190  0.31 9.98E-01 -10.45 1.83E-67 -10.77 1.17E-68 
PA14_04760 coaD 0.15 1.00E+00 -0.48 8.87E-01 -0.33 9.40E-01 
PA14_30310 lolA 0.21 1.00E+00 -6.24 3.59E-15 -6.47 1.11E-14 
PA14_00060 plsC -1.27 1.00E+00 0.38 6.81E-01 1.63 2.16E-01 
PA14_34600 gapB 0.60 1.00E+00 -0.40 1.59E-02 -0.56 1.17E-02 
PA14_62870 rlmE -1.76 1.00E+00 -3.28 5.42E-09 -1.29 1.02E-01 
PA14_33530 fpvF 0.04 1.00E+00 -0.23 3.65E-01 0.00 5.30E-01 
PA14_30340 cysG 0.18 1.00E+00 -0.18 1.11E-03 -0.25 7.74E-02 
PA14_72480 engB -1.37 1.00E+00 -3.90 4.58E-13 -2.55 7.92E-06 
PA14_68955 ubiI 0.01 1.00E+00 -0.27 9.74E-01 -0.29 7.99E-01 
PA14_12400 thiE 0.09 1.00E+00 -1.26 1.44E-02 -2.91 5.51E-03 
PA14_69150 ubiD -0.69 1.00E+00 -2.85 1.93E-03 -2.15 4.43E-02 
PA14_14510 lptG -0.10 1.00E+00 -4.28 2.09E-09 -3.94 3.47E-06 
PA14_43950 sucC -0.23 1.00E+00 0.17 3.48E-01 -0.08 8.69E-01 
PA14_60230 comL 0.90 1.00E+00 -4.75 1.20E-08 -5.66 3.60E-11 
PA14_16090 thrC 0.13 1.00E+00 -0.97 2.00E-01 -0.76 6.97E-01 
PA14_73370 gidA -0.24 1.00E+00 -0.29 2.07E-01 -0.50 3.88E-01 
PA14_17310 kdsA 0.50 1.00E+00 -3.79 3.09E-10 -4.31 4.49E-09 
PA14_41350 folD 0.44 9.98E-01 -1.96 3.73E-04 -2.41 2.56E-05 
PA14_66170  -0.47 1.00E+00 -6.77 6.46E-13 -6.32 1.30E-11 
PA14_58130 mreC -0.03 1.00E+00 -2.84 1.20E-06 -2.82 1.23E-05 
PA14_63030 omlA -0.30 1.00E+00 -7.37 5.07E-33 -6.87 7.99E-31 
PA14_49380 dapE 0.83 1.00E+00 -0.72 3.94E-02 -1.92 1.65E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_08630 coaX -0.54 1.00E+00 -0.46 9.15E-01 0.07 9.00E-01 
PA14_09000 rplF -2.39 9.81E-01 -5.59 4.51E-09 -3.22 4.19E-03 
PA14_04980 thiG 2.21 9.96E-01 0.43 3.60E-01 -1.79 5.59E-01 
PA14_66750 argS 0.21 9.98E-01 -1.58 9.54E-03 -1.81 5.38E-03 
PA14_23260 gyrA -0.64 1.00E+00 -0.77 1.23E-01 -0.14 5.27E-01 
PA14_12010 proA -0.35 1.00E+00 -1.52 3.47E-02 -1.19 5.84E-01 
PA14_11845 mpl -3.30 1.00E+00 -2.58 3.69E-02 0.71 4.60E-01 
PA14_51270 dapA -0.26 1.00E+00 -4.52 3.19E-10 -4.28 8.91E-08 
PA14_28660 infC -1.91 1.00E+00 -6.36 1.62E-14 -4.46 3.04E-08 
PA14_72490 polA -0.18 1.00E+00 -0.39 2.19E-03 -1.01 2.30E-02 
PA14_07170 epd 0.33 1.00E+00 -3.69 1.62E-07 -4.04 5.93E-08 
PA14_23280 pheA -0.39 9.98E-01 -1.67 6.03E-04 -1.29 3.73E-02 
PA14_12130 lis -0.52 1.00E+00 -1.40 7.69E-03 -0.90 8.07E-01 
PA14_08760 rpoB -0.25 1.00E+00 0.49 1.93E-04 0.73 4.51E-02 
PA14_64220 purD 0.27 1.00E+00 -2.87 4.87E-03 -2.81 6.91E-03 
PA14_04930 rpoH 0.58 1.00E+00 -1.97 1.30E-01 -2.57 1.96E-02 
PA14_43690 fabB -0.23 9.98E-01 -0.10 7.22E-01 0.12 5.32E-01 
PA14_14890 hisS -1.11 1.00E+00 -3.15 9.27E-04 -2.06 3.49E-02 
PA14_51900 proS 0.16 1.00E+00 -0.40 2.80E-01 -0.57 8.70E-01 
PA14_64090 aroQ1 0.62 1.00E+00 -0.53 3.08E-04 -1.16 8.85E-02 
PA14_73220 glmU -0.52 1.00E+00 -0.80 4.69E-01 -0.29 6.23E-01 
PA14_62850 folP 0.17 1.00E+00 -3.09 2.07E-07 -3.46 1.37E-07 
PA14_49340 pcpS 0.20 1.00E+00 -1.44 7.22E-02 -1.65 9.60E-02 
PA14_12200 holA -0.12 1.00E+00 -5.15 3.41E-22 -5.04 1.22E-20 
PA14_69190 rho -0.85 1.00E+00 -1.99 7.09E-03 -1.16 4.15E-01 
PA14_32420 mexS 0.37 1.00E+00 -3.04 1.79E-01 -3.65 3.36E-02 
PA14_64980 nadE 0.10 1.00E+00 -5.55 1.23E-15 -5.67 2.16E-15 
PA14_17930 glpD 1.44 1.00E+00 -1.61 2.86E-02 -2.49 3.90E-02 
PA14_56780 sodB 0.10 1.00E+00 -1.42 2.02E-02 -1.38 2.76E-02 
PA14_25090 foaB -0.33 1.00E+00 -2.08 7.92E-03 -1.21 3.72E-01 
PA14_43940 sucD -0.05 1.00E+00 -0.70 7.27E-01 -0.82 5.84E-01 
PA14_58700 nadC 2.17 2.89E-02 1.36 4.76E-07 -0.64 8.31E-01 
PA14_58180 gatA -0.16 1.00E+00 -9.72 2.39E-27 -7.96 4.75E-23 
PA14_07230 fda -0.18 9.98E-01 -3.92 1.87E-13 -3.76 2.06E-11 
PA14_25110 topA -0.56 1.00E+00 -2.82 5.88E-04 -2.28 2.71E-02 
PA14_44660 lig -0.18 1.00E+00 -3.55 4.93E-07 -3.22 4.81E-06 
PA14_44000 sucB -0.64 9.98E-01 -0.25 9.68E-01 0.38 5.63E-01 
PA14_42760 aroC 0.64 1.00E+00 -1.62 4.31E-01 -2.28 1.97E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_42720 masA -0.85 1.00E+00 -1.29 1.98E-02 -0.20 4.79E-01 
PA14_33690 pvdE 0.12 1.00E+00 -6.03 5.96E-12 -6.24 3.63E-11 
PA14_54350 lepB -1.31 1.00E+00 -9.98 1.05E-24 -6.91 1.05E-17 
PA14_57960 ptsN -0.19 1.00E+00 -0.80 3.17E-02 -0.71 9.09E-02 
PA14_64200 purH 0.11 9.98E-01 -0.71 4.21E-01 -0.83 3.90E-01 
PA14_66080 msbA -0.07 9.98E-01 0.01 5.75E-01 0.06 6.12E-01 
PA14_07760 surA 0.35 1.00E+00 -2.20 5.75E-02 -2.56 6.37E-02 
PA14_25740 tmk -0.60 9.95E-01 -5.65 3.14E-13 -5.06 1.62E-08 
PA14_65570  0.28 1.00E+00 0.30 7.03E-01 -0.01 8.85E-01 
PA14_25840 ETFDH -0.15 1.00E+00 -1.14 5.26E-01 -0.36 8.22E-01 
PA14_15990 trmD 0.14 9.98E-01 -1.82 1.58E-03 -1.98 1.47E-03 
PA14_23880 folC -0.33 1.00E+00 -3.94 1.26E-05 -4.58 2.72E-07 
PA14_66290 aceA -0.63 1.00E+00 0.56 3.85E-03 1.17 4.65E-03 
PA14_23310  0.02 9.98E-01 -0.78 3.60E-01 -0.81 4.23E-01 
PA14_69200 trxA -0.09 1.00E+00 -5.17 8.61E-20 -6.32 2.71E-18 
PA14_23920 purF -0.47 1.00E+00 -4.71 1.69E-04 -4.25 1.98E-03 
PA14_62770 nusA 0.01 1.00E+00 -8.05 9.99E-04 -6.75 2.80E-03 
PA14_65410 orn 1.58 1.00E+00 -4.04 1.40E-07 -4.22 5.38E-09 
PA14_00100 glyQ 0.51 1.00E+00 -0.90 4.27E-01 -1.42 4.63E-01 
PA14_67770 pgm 0.70 1.00E+00 0.06 9.09E-01 -0.66 8.35E-01 
PA14_23270 serC -0.64 1.00E+00 -0.72 9.24E-01 -0.10 7.81E-01 
PA14_05620 sahH 0.00 1.00E+00 -0.86 6.43E-01 -1.09 4.25E-01 
PA14_09100 rpsD -0.57 9.98E-01 -4.49 3.32E-10 -3.93 1.47E-07 
PA14_57920 lptA 0.75 9.97E-01 -1.55 1.39E-02 -2.32 4.66E-01 
PA14_04580 folA 1.29 1.00E+00 0.36 1.28E-03 -0.95 2.35E-02 
PA14_18710 pyrC -0.25 1.00E+00 -3.39 1.55E-01 -3.16 8.30E-02 
PA14_62960 dnaJ 0.29 1.00E+00 -1.56 7.51E-01 -0.98 7.85E-01 
PA14_58190 gatB 0.10 1.00E+00 -3.64 1.31E-02 -3.76 2.19E-03 
PA14_19090 dcd 0.69 1.00E+00 -2.92 3.37E-05 -4.06 1.02E-06 
PA14_06500 bioB -0.11 1.00E+00 0.24 7.75E-01 0.32 8.46E-01 
PA14_07910 rpe 0.06 1.00E+00 -0.42 7.51E-01 -0.50 8.67E-01 
PA14_25880 etfA 0.39 1.00E+00 -0.85 5.35E-01 -1.70 5.49E-01 
PA14_69450 hemC 0.23 9.98E-01 -3.39 1.81E-02 -3.63 1.96E-02 
PA14_57010 groEL -0.75 1.00E+00 -9.85 2.50E-16 -9.14 1.67E-11 
PA14_30390 tusC -0.33 1.00E+00 -4.19 1.56E-05 -3.87 1.92E-03 
PA14_68190 rmlD -1.30 9.97E-01 -5.27 2.39E-32 -3.55 3.64E-19 
PA14_11450 nusB -2.24 9.95E-01 -6.79 1.22E-10 -3.29 1.00E+00 
PA14_66720 priA 0.80 1.00E+00 -1.51 2.89E-02 -2.32 1.65E-03 



136 
 

    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_16530 lysS 0.15 9.98E-01 -5.00 1.51E-04 -5.17 1.98E-04 
PA14_58120 mreD 0.06 1.00E+00 -2.10 1.50E-03 -1.80 8.51E-03 
PA14_60450 rpmA -2.25 1.00E+00 -7.73 3.04E-31 -5.80 2.78E-15 
PA14_23560 gltX -0.45 9.98E-01 -7.25 6.59E-13 -6.81 2.69E-11 
PA14_08710 nusG -0.54 1.00E+00 -1.43 7.33E-03 -0.90 5.13E-01 
PA14_17260 dnaE -0.14 1.00E+00 -9.47 5.11E-33 -9.34 5.48E-31 
PA14_57930 lptB -1.03 9.98E-01 -0.58 7.70E-01 0.44 5.60E-01 
PA14_15310 guaB -0.48 1.00E+00 -2.43 3.35E-03 -1.97 7.62E-02 
PA14_19065 mrp 0.63 1.00E+00 -0.39 1.37E-02 -1.04 1.28E-02 
PA14_12210 lptE -0.18 1.00E+00 -0.20 2.74E-01 -0.77 1.79E-01 
PA14_57940 rpoN -0.06 1.00E+00 3.76 1.99E-27 4.09 5.68E-20 
PA14_17210 lpxA 1.07 9.98E-01 0.25 7.68E-01 -0.84 8.09E-01 
PA14_25860 etfB 0.67 1.00E+00 -1.90 4.57E-01 -2.35 2.42E-01 
PA14_65660 parE 0.39 1.00E+00 -5.53 1.31E-11 -5.94 3.14E-13 
PA14_44050 sdhD -1.22 1.00E+00 -2.16 6.88E-02 -0.77 6.98E-01 
PA14_49460 nrdA -0.29 9.98E-01 -9.31 1.91E-07 -9.04 6.86E-07 
PA14_60380 ribF -0.33 1.00E+00 -5.08 1.54E-06 -5.85 4.87E-06 
PA14_57220 secA 0.32 9.98E-01 -6.51 5.11E-09 -6.85 3.49E-09 
PA14_44020 sdhB -1.43 1.00E+00 -3.30 5.05E-03 -1.72 7.70E-02 
PA14_52010 hda 0.17 1.00E+00 -4.71 9.19E-07 -4.90 9.64E-06 
PA14_57370 murD 0.58 9.98E-01 -0.73 7.01E-01 -1.33 4.24E-01 
PA14_14680 suhB -4.05 8.90E-01 -5.47 1.78E-17 -2.35 4.11E-03 
PA14_66910 ubiJ -0.78 1.00E+00 -6.74 4.81E-05 -5.97 2.97E-03 
PA14_65310 hfq 0.26 1.00E+00 -4.94 2.96E-03 -5.22 1.97E-03 
PA14_04480 thyA 0.24 9.98E-01 -8.30 8.84E-08 -8.56 8.87E-08 
PA14_44630 dnaX 1.12 1.00E+00 -10.75 1.93E-14 -11.89 2.71E-16 
PA14_08720 rplK -1.13 1.00E+00 -3.29 1.73E-03 -2.17 1.22E-03 
PA14_17220 lpxB 0.09 1.00E+00 -0.21 6.78E-01 -0.32 9.56E-01 
PA14_07570 gcp -0.30 1.00E+00 -2.38 2.78E-01 -2.10 4.11E-01 
PA14_57410 murE 0.00 9.98E-01 -2.72 4.82E-03 -2.74 9.62E-03 
PA14_12060 pbpA 0.79 1.00E+00 -2.37 4.56E-02 -3.17 1.07E-02 
PA14_57890 kdsD -0.20 9.98E-01 -9.87 2.74E-16 -9.69 2.69E-15 
PA14_66550 hemE -1.60 1.00E+00 -2.30 1.11E-01 -0.78 5.75E-01 
PA14_09090 rpsK -0.31 9.98E-01 -0.87 4.89E-01 -0.57 7.98E-01 
PA14_43970 lpd -0.81 1.00E+00 -5.06 4.16E-03 -4.14 7.25E-03 
PA14_55690 recC -0.40 1.00E+00 -1.54 2.66E-02 -1.48 3.22E-01 
PA14_61840 vapI 0.11 1.00E+00 0.80 6.34E-01 0.68 7.24E-01 
PA14_16710 tsaB -0.84 1.00E+00 -2.07 1.79E-01 -1.25 7.06E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_28690 pheS -0.26 1.00E+00 -3.72 1.61E-01 -3.48 1.84E-01 
PA14_12070 rodA -0.45 1.00E+00 -8.21 1.63E-08 -7.78 4.26E-07 
PA14_14820 ndk -0.74 9.98E-01 -4.98 1.08E-05 -4.26 3.58E-04 
PA14_61700 prfA -1.58 1.00E+00 -5.31 2.88E-07 -3.75 1.69E-03 
PA14_15340 guaA 2.64 9.98E-01 -8.94 1.34E-03 -11.59 1.44E-04 
PA14_66090  -0.80 9.98E-01 -0.20 9.35E-01 0.59 4.77E-01 
PA14_62780 rimP 0.93 1.00E+00 1.95 3.05E-04 -2.65 5.25E-02 
PA14_57450 mraW 0.49 9.98E-01 -0.20 9.68E-01 -0.71 8.68E-01 
PA14_11690 ppa 0.35 1.00E+00 -3.64 2.07E-03 -4.01 1.59E-02 
PA14_00020 dnaN 0.56 9.98E-01 -2.45 2.46E-01 -3.02 1.98E-01 
PA14_63020 fur -0.48 1.00E+00 -4.95 1.46E-10 -4.49 9.47E-07 
PA14_25500 exbD -0.84 1.00E+00 -0.73 5.76E-01 0.09 5.43E-01 
PA14_38395 mexX -0.23 1.00E+00 -1.95 3.09E-01 -1.83 3.06E-01 
PA14_08920 rplP 0.22 1.00E+00 -0.25 9.70E-01 -0.49 9.96E-01 
PA14_62910 carB 3.61 1.00E+00 0.67 1.25E-01 -0.80 2.52E-01 
PA14_57020 groES -2.48 9.01E-01 -6.85 3.01E-07 -4.39 2.54E-03 
PA14_57260 lpxC -0.19 1.00E+00 0.18 5.74E-01 0.36 8.20E-01 
PA14_27950 rsbW 3.44 9.86E-01 3.90 5.90E-02 0.45 9.06E-01 
PA14_09040 rplO -2.19 9.98E-01 -4.64 2.13E-02 -2.47 3.33E-01 
PA14_64100 accB 0.77 1.00E+00 1.66 3.21E-02 0.87 4.49E-01 
PA14_65250 hisX 0.53 9.98E-01 -10.77 2.73E-09 -11.31 1.29E-09 
PA14_08810 rpsG -1.44 1.00E+00 -6.19 4.59E-06 -4.77 7.98E-03 
PA14_04110 serA 0.15 1.00E+00 -5.35 2.61E-05 -5.52 4.24E-05 
PA14_57910 lptC 0.51 1.00E+00 -7.67 2.94E-12 -8.25 9.51E-13 
PA14_61710 hemA -1.70 9.98E-01 -0.30 1.13E-01 2.68 1.49E-04 
PA14_09080 rpsM 0.59 1.00E+00 -3.61 1.81E-02 -4.21 4.02E-03 
PA14_23750 leuC -0.10 1.00E+00 -2.84 2.15E-03 -2.76 1.51E-02 
PA14_23290 hisC2 2.04 1.00E+00 -0.60 1.77E-01 -2.66 2.44E-01 
PA14_25450 lolE -3.23 1.00E+00 -10.36 2.48E-06 -6.59 2.27E-03 
PA14_08940 rpsQ 1.23 9.98E-01 -0.53 9.08E-01 -1.78 5.06E-01 
PA14_17150 bamA -1.01 9.98E-01 -1.21 4.73E-01 -0.22 9.76E-01 
PA14_30400 dsrE 0.63 1.00E+00 -2.38 3.36E-02 -3.02 7.29E-02 
PA14_15980 rimM -2.22 8.87E-01 -9.67 1.69E-12 -7.46 2.82E-08 
PA14_08820 fusA1 -0.81 1.00E+00 -1.00 2.32E-01 -0.21 8.74E-01 
PA14_17190 fabZ -0.81 9.98E-01 -1.45 3.42E-01 -0.65 8.29E-01 
PA14_54390 mucD 0.70 1.00E+00 2.19 1.24E-01 -0.58 9.01E-01 
PA14_25900 fabV 2.59 1.00E+00 -3.36 4.85E-02 -5.97 1.02E-03 
PA14_45350 ccmC -1.61 1.00E+00 -3.51 9.28E-03 -1.92 4.30E-01 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_70190 rpmB -0.26 9.98E-01 -2.17 8.60E-02 -1.92 2.14E-01 
PA14_17060 rpsB -2.61 1.00E+00 -6.73 1.65E-12 -4.29 6.87E-06 
PA14_05550 oprM 0.26 1.00E+00 0.23 8.91E-01 -0.05 9.84E-01 
PA14_57810 murA 0.13 9.98E-01 -1.04 7.15E-01 -1.19 7.27E-01 
PA14_66900 ubiE 0.45 9.98E-01 -9.72 5.28E-05 -10.19 4.41E-05 
PA14_44030 sdhA -1.50 1.00E+00 -1.67 7.38E-01 -0.19 6.27E-01 
PA14_14440 valS -1.41 9.98E-01 -1.40 4.38E-01 -0.01 8.93E-01 
PA14_51750 tolQ 1.12 9.98E-01 -0.94 7.92E-01 -2.08 5.31E-01 
PA14_14730 iscS -0.93 1.00E+00 -3.96 2.01E-03 -3.04 9.07E-02 
PA14_22020 minD -0.52 9.98E-01 -1.81 4.03E-01 -1.31 6.67E-01 
PA14_15740 purL -0.63 1.00E+00 -6.60 3.74E-03 -5.75 1.99E-01 
PA14_64110 accC -0.29 9.98E-01 -0.27 9.94E-01 0.00 9.12E-01 
PA14_73240 atpD -0.37 1.00E+00 0.25 1.71E-01 0.60 4.28E-01 
PA14_09010 rplR 3.20 1.00E+00 3.73 1.10E-01 0.52 9.34E-01 
PA14_14930 engA -0.69 9.88E-01 -4.46 3.77E-04 -3.78 1.29E-02 
PA14_07530 dnaG 2.95 9.98E-01 -6.41 2.88E-02 -9.38 4.38E-03 
PA14_60370 ileS -0.69 9.98E-01 -8.73 1.63E-07 -8.05 2.05E-06 
PA14_60445 obg -2.51 1.00E+00 -5.85 3.08E-04 -3.36 8.48E-03 
PA14_70440 gmk 1.69 9.98E-01 1.89 3.17E-01 0.18 8.78E-01 
PA14_08400 COQ7 2.32 9.98E-01 -3.91 8.71E-02 -6.24 9.90E-03 
PA14_73280 atpH 1.27 9.98E-01 1.23 5.02E-01 -0.06 9.48E-01 
PA14_65560 serB -1.00 9.98E-01 -2.59 3.51E-01 -1.60 6.86E-01 
PA14_07520 rpoD 0.29 1.00E+00 -4.33 3.92E-05 -4.64 2.63E-03 
PA14_08870 rplW -1.37 9.98E-01 -2.20 4.19E-01 -0.85 8.58E-01 
PA14_00190 fmt 2.81 9.98E-01 0.58 7.38E-01 -2.25 4.94E-01 
PA14_41380 glnS 5.30 8.57E-01 8.29 5.09E-03 2.98 3.47E-01 
PA14_51820 aspS 0.96 9.98E-01 -0.60 9.13E-01 -1.58 7.04E-01 
PA14_41360 cysS -2.49 9.65E-01 -5.77 1.38E-04 -3.31 1.24E-01 
PA14_65960 waaA 1.33 9.98E-01 -6.24 7.77E-03 -7.59 1.88E-03 
PA14_44060 sdhC -1.29 9.98E-01 -0.56 9.13E-01 0.72 7.54E-01 
PA14_60890 glyA -0.39 9.98E-01 -4.25 6.66E-02 -3.87 1.44E-01 
PA14_61770 prs 0.98 9.98E-01 2.64 7.45E-02 1.65 3.82E-01 
PA14_41575 sigX -0.44 9.98E-01 -2.36 2.79E-01 -1.94 4.87E-01 
PA14_04900 ftsY -0.25 1.00E+00 -2.28 5.45E-01 -2.04 6.14E-01 
PA14_23860 accD 0.51 9.98E-01 2.97 2.49E-01 2.45 4.74E-01 
PA14_08850 rplC -3.15 9.98E-01 0.35 7.88E-01 3.48 1.90E-01 
PA14_30110 purB -2.22 9.97E-01 -6.26 3.48E-06 -4.06 1.73E-02 
PA14_22010 minE 1.55 9.98E-01 -6.42 2.95E-02 -7.98 1.33E-02 
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    In vitro In vivo In vivo v. in vitro 
locus_tag gene L2FC FDR L2FC FDR L2FC FDR 
PA14_57380 mraY 5.60 8.51E-01 8.20 5.14E-03 2.58 3.57E-01 
PA14_67600 glnA -1.59 9.98E-01 -6.69 1.01E-02 -5.12 6.92E-02 
PA14_60400 rpsT -0.11 9.98E-01 1.68 4.05E-01 1.77 5.15E-01 
PA14_25510 lpxK -1.91 9.98E-01 -8.76 9.62E-06 -6.87 6.97E-04 
PA14_09050 secY -3.22 9.98E-01 -9.76 7.81E-05 -6.56 8.90E-03 
PA14_64190 fis -3.80 9.98E-01 -9.93 2.94E-04 -6.15 2.50E-02 
PA14_57300 ftsQ -0.01 9.98E-01 0.61 7.17E-01 0.60 7.89E-01 
PA14_09020 rpsE -4.56 4.78E-01 -10.01 1.16E-06 -5.47 8.06E-03 
PA14_54420 mucA -0.64 9.98E-01 1.31 6.20E-01 1.93 6.15E-01 
PA14_44010 sucA -2.94 9.98E-01 -9.10 7.53E-03 -6.18 6.92E-02 
PA14_08740 rplJ -2.25 9.98E-01 -9.29 8.26E-04 -7.05 1.21E-02 
PA14_23320 cmk -1.65 9.98E-01 -8.70 1.53E-02 -7.07 5.42E-02 

 
In contrast, no significant in vitro vulnerability was detected for all strains in the PA14 

knockdown library, implying that genetic perturbation had limited impact on fitness 

during growth in axenic culture (Fig. 3.3A and B). A statistical comparison of differential 

in vivo vulnerability compared to baseline in vitro vulnerability revealed 148 genes that 

are significantly more vulnerable in the lung infection environment than in axenic culture. 

The lack of detectable genetic vulnerabilities during in vitro growth supports the notion 

that strains in the library inoculum are fit to begin with and strain loss during infection is 

likely not due to inherent weaknesses related to perturbing essential genes.    

Of the genes that exhibited greater in vivo vulnerability than in vitro vulnerability, ispD 

stands out as the most confident hit. IspD is involved in the non-mevalonate pathway of 

isoprenoid precursor biosynthesis–also called the MEP (2C-methyl-D-erythritol 4-

phosphate) pathway—which is conserved among many microbial pathogens and absent 
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from animals, making it a suitable drug target. In preliminary results, knockdown of ispD 

in PA14 using P1 generated no detectable fitness defects when the mutant was grown in 

rich media, and mice infected with ispD-P1 clear the bacterial burden 99.99%. 

The purine biosynthesis pathway is enriched among genes exhibiting significant in vivo 

vulnerability. Transposon insertion sequencing shows that multiple purine biosynthesis 

genes (purD, purE, purF, purH, purK, purL, purN) are dispensable for growth in rich media 

but are required in Synthetic Cystic Fibrosis Medium (SCFM), whereas purA and purB are 

essential in both medias. (2) A previous study also revealed the essentiality of purA in a S. 

pneumoniae murine pneumonia model. (20) In our screen, significant in vivo vulnerability 

was detected for all mentioned genes except purE, purH, purK. For these genes, the 

extent of knockdown may not have been strong enough to elicit in vivo fitness defects. 

Given that complete genetic inhibition of purD, purF, purL, and purN does not drastically 

impede bacterial growth in vitro, chemical inhibitors that exploit this vulnerability in 

purine biosynthesis may not exhibit in vitro activity. Thus, the in vivo vulnerability and 

essentiality of purA and purB in PA14 offers support for their prioritization as targets in 

antibacterial development.  

In another example, all seven genes of the lipopolysaccharide transport pathway (lptB, 

lptC, lptD, lptE, lptF, lptG, lptH) are essential both in rich media and SCFM. (2) Mobile-

CRISPRi mediated perturbation of these genes generates significant vulnerability in vivo 

without detectable in vitro vulnerability—with the exception of lptB and lptE, for which 

https://paperpile.com/c/wAiJ9z/jILY
https://paperpile.com/c/wAiJ9z/mRSd
https://paperpile.com/c/wAiJ9z/jILY
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no significant in vivo vulnerability is detected. This implies that this extent of knockdown 

of these genes is tolerated by PA14 when grown in rich media but not in the lung 

infection environment. In agreement with these findings, a conditional deletion of lptH in 

PA01 has previously been shown to have attenuated virulence in a murine pneumonia 

model. (24) Partial genetic perturbation allows us to build upon such observations and 

identify other genes with heightened in vivo vulnerability. 

 
Table 3.1: Comparison of essentiality and vulnerability in the purine biosynthesis 
and lipopolysaccharide transport pathways. 
SCFM is an abbreviation for synthetic cystic fibrosis medium.  
 
 

Essential in LB 
(Poulsen et al.)  

Essential in SCFM 
(Poulsen et al.)  

Vulnerable in vivo 
(this study) 

purA Yes Yes Yes 

purB Yes Yes Yes 

purD No Yes Yes 

purE No Yes No 

purF No Yes Yes 

purH No Yes No 

purK No Yes No 

purL No Yes Yes 

purN No Yes Yes 

lptA/lptH Yes Yes Yes 

lptB Yes Yes No 

lptC Yes Yes Yes 
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 Essential in LB 
(Poulsen et al.)  

Essential in SCFM 
(Poulsen et al.)  

Vulnerable in vivo 
(this study) 

lptD Yes Yes Yes 

lptE Yes Yes No 

lptF Yes Yes Yes 

lptG Yes Yes Yes 

 
The alternative sigma factor rpoN is the rare example of a gene where perturbation 

decreases in vivo vulnerability. RpoN regulates many virulence pathways and blocks the 

transcription of over 700 RpoN-regulated genes has previously been shown to attenuate 

virulence. (25) P. aeruginosa commonly evolves rpoN loss-of-function mutations during 

chronic infection of cystic fibrosis patients, suggesting that repression of this gene may 

improve in vivo fitness of the strain. (11, 26, 27) Modifications of pathogen-associated 

molecular patterns (PAMPs), such as those linked to RpoN regulation, enable immune 

evasion and survival in the infection environment through hindering immune recognition 

and activation. (28, 29) Supplementation of the virulence-related gene activity by other 

co-infected members of the library may allow the rpoN-deficient mutant to escape host 

clearance mechanisms.  

 

 

https://paperpile.com/c/wAiJ9z/UiGs
https://paperpile.com/c/wAiJ9z/ip7y+PUn2+ohKP
https://paperpile.com/c/wAiJ9z/DTj0+e68I
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Upregulated Genes in Human Infections Exhibit Vulnerability in Murine 

Pneumonia Model   

In order to further explore our screen’s ability to uncover genetic vulnerability during a 

mammalian infection we compared our genetically vulnerable genes to genes known to 

be strongly upregulated during human infection. Previous studies revealed little overall 

correlation across the entire genome between transcriptionally important genes, whose 

expression is affected by a change in the environment, and phenotypically important 

genes, whose fitness is affected by a change in the environment. (30) However, 

phenotypically and transcriptionally important genes overlap when probing the effects of 

nutritional stress on metabolic genes. (30) We hypothesize that core essential genes that 

are upregulated during infection will be vulnerable in the host if they cannot be 

upregulated due to genetic or chemical inhibition and thus may represent promising 

antibiotic targets. 

Comparing the PA14 core essential gene list (2) with a dataset of transcriptionally 

upregulated PA14 genes during human infections (31) converged in 4 core essential PA14 

genes that are upregulated during human infection: lptG, lptH, pgsA, cysS (Fig. 3.4A). 

Two genes, lptG and lptH, are part of the lipopolysaccharide transport system. As 

previously mentioned, a conditional deletion of lptH in PA01 has previously been shown 

to have attenuated virulence in a murine pneumonia model. (24) The remaining two 

genes, pgsA and cysS, are involved in phospholipid biosynthesis and tRNA 

https://paperpile.com/c/wAiJ9z/MAFu
https://paperpile.com/c/wAiJ9z/MAFu
https://paperpile.com/c/wAiJ9z/jILY
https://paperpile.com/c/wAiJ9z/9ufX
https://paperpile.com/c/wAiJ9z/PDjY
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aminoacylation, respectively. For all four genes, insignificant in vitro vulnerability and 

significant in vivo vulnerability was detected, suggesting that the fitness consequences 

of inhibiting these genes may be more evident in vivo than in vitro. 

Using the three constitutive promoters of increasing strength characterized in our prior 

work, (17) we generated three knockdown mutants corresponding to pgsA: pgsA-P1, 

pgsA-P2, pgsA-P3. Growth of these strains in culture was not substantially different from 

WT PA14 and a rfp-targeting Mobile-CRISPRi mutant (Fig. 3.4B and C) suggesting that 

genetic inhibition did not confer genotoxicity or gene-related fitness defects. When 

planktonic cultures of the pgsA knockdown strains and WT PA14 were used in murine 

pneumonia mono-infections at 1E4 CFU/animal, pgsA-P2 demonstrated statistically 

significant >99% reduction in bacterial burden following 18 hours of infection (Fig. 3.4D). 

Next, we pursued murine pneumonia single strain-infections at a higher bacterial 

inoculum to capture the full extent of bacterial load reduction enabled by the repression 

of pgsA. While three of the four mice succumbed to the 1E8 CFU/animal infection with 

WT PA14, mice infected with a similar inoculum of pgsA-P2 knockdown mutants were 

able to clear >99.9% of the bacterial burden. These findings suggest that subtle inhibition 

of the core essential gene pgsA significantly enhances infection clearance in vivo despite 

not producing noticeable phenotypic effects in vitro. 

 

https://paperpile.com/c/wAiJ9z/FFOp
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Figure 3.4: Murine pneumonia infection with individual pgsA knockdown mutants 
(A) Of the four PA14 genes that are essential and transcriptionally upregulated during 
human infection, pgsA is the most confident hit in our screen for in vivo vulnerability. (B) 
Growth curves of WT PA14, and pgsA knockdown mutants using P1, P2, and P3 
constitutive promoters. (C) Growth rates of pgsA knockdown mutants compared to a 
control rfp-targeting knockdown mutant. (D) Change in bacterial burden from time of 
inoculation to 18 hours post-infection and (E) temperature change during a low burden of 
infection. (F) CFU reduction and (G) temperature change in a high burden infection. 
Recovery rate = recovered CFU/ inoculum CFU. 
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Discussion 

The pooled in vivo CRISPRi screen conducted in this study reveals a heightened 

vulnerability to host immunity processes for 187 PA14 genes. In particular, genetic 

perturbation of the essential genes pgsA and ispD did not significantly affect the growth 

of PA14 in axenic culture, but the same perturbation in vivo impeded productive host 

infection by these mutants. Given that these bacterial genes are required for growth in a 

mammalian host and are not conserved in humans, they may serve as promising 

antibacterial targets. Furthermore, partial genetic depletion for a set of 148 PA14 genes 

results in greater vulnerability to host clearance in a murine pneumonia model than to 

competition within the pooled library during growth in axenic culture. Specific genes 

(pgsA, cysS, lptH, lptG) known to be strongly upregulated, and presumably required for 

pathogenic adaptation during infection, were found to be differentially vulnerable in 

vivo.  

These vulnerability profiles are dependent on the extent of knockdown elicited by the P1 

promoter and variability of efficacy among the four sgRNAs per gene. Stronger inhibition 

may reveal vulnerabilities for other genes that were not significantly sensitive to 

repression driven by P1 in either in vitro or in vivo conditions. Conversely, weaker 

inhibition may alleviate growth-hampering fitness defects that may have led to 

underrepresentation of essential gene knockdown mutants in the inoculum. Another 
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reason these strains may be missing is potentially insufficient coverage of the library 

obtained following triparental mating into PA14.  

Comparison of in vitro fitness defects to in vivo fitness defects is inherently affected by 

the number of doublings that proceed under both conditions. Since the depletion of an 

unfit strain is expected to increase in magnitude over time, the fitness defect may not be 

detected if too few doubling times are captured. The in vitro 6-generation time point 

(OD600nm  0.01  to 0.64) was chosen to mimic antibacterial discovery platforms, which 

typically track bacterial growth from a log-phase culture diluted to 1E5–1E6 CFU/mL until 

stationary phase. However, in vivo generation time may not necessarily match in vitro 

generation time, further complicating the comparison. Similarly, the extent of 

knockdown effect on gene expression may not be conserved in vivo. For example, 

knockdown of genes that are upregulated during infection may yield a larger extent of 

repression in vivo compared to in vitro. In this case, a chemical inhibitor that matches the 

partial genetic inhibition level driven by Mobile-CRISPRi may not achieve the same level 

of bacterial clearance as exhibited by the genetically inhibited strain.  

The genetic vulnerability insights gleaned in this study may not entirely elucidate 

chemical vulnerability. For example, for targets such as enzymes that have a natural 

substrate, the genetic mode of inhibition corresponds only to non-competitive chemical 

inhibition, as target depletion is equivalent to reducing Vmax while leaving Km unchanged. 

(32) However, emerging therapeutic modalities such as CRISPR systems, targeted protein 

https://paperpile.com/c/wAiJ9z/pn0q
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degradation, or antisense technology could closely mimic the results of our partial 

genetic inhibition approach. Furthermore, just as targeting virulence pathways as an 

antibacterial strategy has proven challenging due to the lack of in vitro MICs, inhibitors 

of genes with enhanced in vivo vulnerability may face similar barriers to drug 

development. Developing in vitro assays or identifying non-mammalian model organisms 

that are predictive of exploiting in vivo vulnerabilities (33) is critical for capitalizing on this 

paradigm of target prioritization.        

The phenomenon where greater vulnerability is observed in vivo than in vitro for certain 

genes suggests that in vitro growth inhibitory measurements may undervalue the 

therapeutic potential of inhibiting these genes in vivo. Considering that many small 

molecule antibiotics have dose-limiting toxicities that have stymied their clinical 

development, (3) the concept of achieving high efficacy of bacterial clearance with a 

reduced drug dose is especially pertinent. LptD-targeting murepavadin (34) recently 

failed phase 3 clinical trials due to nephrotoxicity issues; however, lipopolysaccharide 

transport system components, including lptD, exhibit heightened in vivo vulnerability, 

suggesting that chemical inhibition of these gene targets to a level with indiscernible 

effects in vitro may be sufficient to clear the infection in vivo. Interestingly, a lower dose 

of murepavadin was sufficient to achieve the same level of antibacterial activity in the 

mouse lung compared to the mouse thigh. (35) This discrepancy was equivocally 

attributed to unpublished data on higher penetrance of the drug into epithelial lining 

https://paperpile.com/c/wAiJ9z/A7uI
https://paperpile.com/c/wAiJ9z/sHxQ
https://paperpile.com/c/wAiJ9z/bGVL
https://paperpile.com/c/wAiJ9z/LzFQ
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fluid compared to other tissues by the study authors; another explanation could be 

greater vulnerability of lptD in the lung than in the thigh.   

 

Methods 

Construction of PA14 individual knockdown strains 

A top and bottom oligo corresponding to the desired sgRNA with the appropriate 

overhangs to mediate Golden Gate Assembly was ordered. Separate reactions with T4 

polynucleotide kinase were run prior to annealing the top and bottom oligos. The 

annealed mixture was ligated with a Bsa1-HFv2 digested Mobile-CRISPRi plasmid and 

transformed into the E. coli pir+ strain via electroporation. Plasmids were isolated from 

the recovered colonies and sgRNA insertion was verified by PCR and sequencing. 

Plasmids were electroporated into the E. coli mfdpir+ strain in preparation for mating. 

Incubation of the generated mfdpir+ strain combined with a strain containing a 

transposase and WT PA14 yielded PA14 mutants with a chromosomally integrated 

Mobile-CRISPRi system.  

Construction of PA14 knockdown mutant library 

A pooled sgRNA library covering genes in Supplementary Table 1 was ordered as a 

single-stranded DNA oligonucleotides (Twist Bioscience) and cloned into Mobile-CRISPRi 

plasmids containing the P1 constitutive promoter driving dCas9 activity through Golden 

Gate Assembly. This library was transferred into a mating strain (mfdpir+) before 
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chromosomal integration into PA14. As the library contains 3,112 unique sgRNAs (gene-

targeting and non-targeting), at least 30x representation (>9,300 colonies) was needed 

to achieve sufficient coverage of the library following mating. The colonies were scraped 

from the plates and aliquoted into glycerol stocks for long-term storage.  

Preparation of the pooled library inoculum & in vitro screen  

One glycerol stock of the PA14 knockdown library was thawed out, centrifuged, and 

resuspended in 1 mL PBS. Based on the OD600nm measurement of this suspension, a flask 

with 25 mL LB was inoculated at a starting OD600nm of 0.01 and incubated at 37 °C with 

shaking at 225 rpm. When the culture reached OD600nm of 0.64, 800 μL of the culture was 

plated on a large, square Pseudomonas Isolation Agar (PIA) plates with and without 30 

μg/mL gentamicin. The plates were incubated for 48 hours prior to harvest. 3-6 mL of LB 

was used to scrape colonies off the plates with an L-shaped spreader. These cell 

suspensions were centrifuged and stored at -80 °C prior to gDNA extraction.  

Mouse infection with pooled library 

Starting with the resuspension of the glycerol stock in PBS, the inocula were prepared 

with two serial ten-fold dilutions. The more concentrated of the two inocula was diluted 

and spread on PIA and PIA + 30 μg/mL gentamicin plates for CFU enumeration. The 

remaining contents of the glycerol tube were centrifuged, and the pellet was frozen for 

gDNA extraction. 
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Pathogen-free male C57BL/6J mice, 8 weeks of age, were purchased from Jackson 

Laboratories. Animal experiments were conducted in accordance with the approval of the 

Institutional Animal Care and Use Committee (IACUC) at UCSF. A total of 10 mice were 

anesthetized with isofluorane prior to intratracheal instillation with 50 μl of the 

Pseudomonas knockdown library per an established protocol (22). Animal weights and 

rectal temperatures were measured at multiple timepoints to monitor the course of the 

infection.  

Mice were sacrificed 24 hours post-infection. Lungs were collected in 3 ml of sterile PBS 

and homogenized by grinding the lung tissue against a cell strainer with the back of a 

syringe plunger. 100 μL of lung homogenates were directly plated on 10 PIA + 30 μg/mL 

gentamicin plates. Then the homogenates were diluted to various degrees in LB media 

and the same dilution was plated on both PIA and PIA + 30 μg/mL gentamicin plates for 

CFU enumeration. The plates were incubated for 48 hours prior to harvest. 3-6 mL of LB 

was used to scrape colonies off PIA + 30 ug/mL gent plates with an L-shaped spreader, 

and the 10 plates were combined to generate each mouse sample. These cell suspensions 

were centrifuged and stored at -80 °C prior to gDNA extraction.  
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Mouse infection with single strain 

In separate experiments, 5 mL ON cultures in LB +/- 30 μg/mL gentamicin were grown 

from glycerol stocks of pgsA-P1, pgsA-P2, pgsA-P3, ispD-P1, mrfp-P1, and WT PA14. After 

16 hours, cultures were diluted 1:100 in 3 mL LB +/- 30 μg/mL gentamicin and allowed to 

grow for 3 hours with shaking at 225 rpm. 1 mL of the sub-culture was washed and 

resuspended in 1 mL PBS. The suspensions were diluted according to calculations based 

on OD600nm measurements to yield the final inocula. The mouse infection protocol as 

detailed above was followed. Mice were sacrificed 18 hours post infection, and lungs 

were manually homogenized as detailed above. Various dilutions of the lung 

homogenates were plated on PIA and PIA + 30 μg/mL gentamicin plates for CFU 

enumeration. Recovery rate was determined as the ratio of total CFU recovered from the 

animal after infection to total CFU instilled in the animal. 

Amplicon library preparation & analysis 

Qiagen DNeasy Blood & Tissue kit was used to extract gDNA from samples, and NEBNext 

Ultra II Q5® Master Mix was used for amplicon library preparation. Custom-made TruSeq 

primers extend the amplicon to incorporate the i5 and i7 ends, which are recognized by 

DualSeq primers procured from the Chan-Zuckerburg Biohub. The DualSeq primers are 

indexed to indicate sample identity and were demultiplexed after NGS. To determine 

number of reads needed from NGS, the number of unique barcodes was multiplied by a 

factor of 1,500 (3,112 * 1,500 = ~5,000,000) for robust detection of strain depletion. 
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Growth Curves 

3 mL LB + 30 μg/mL gentamicin cultures were inoculated with each PA14 strain and 

incubated at 37 °C with shaking at 225 rpm for 16 hours. Cultures were diluted 1:100 into 

fresh LB media and 200 μL of the respective cultures was added to each well in a 96-well 

plate. This plate was covered with an optically clear seal, and a needle was used to poke 

holes in each of the wells. OD600nm were monitored during incubation in a microplate 

reader (Synergy H1; BioTek Instruments, VT) with continuous, fast, double orbital shaking. 

Samples were blanked with a well containing LB media. Results are representative of at 

least two biological replicates. 
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Chapter 4  

Tool Application: Profiling genetic vulnerabilities 
to phage predation 
 

Abstract 

Existing antibiotics have lost reliability in curing bacterial infections, threatening the very 

foundations of modern medicine. Capturing interest as a novel modality for infection 

control, bacteriophages (phages) are naturally potent killers of bacteria and omnipresent 

in our environment. Since the 20th century, phage therapy has been considered a 

promising alternative to traditional small molecule antibiotics, but its utility has been 

severely restricted by intrinsic anti-phage mechanisms that protect bacteria from phage 

predation. A better understanding of these mechanisms could inform phage therapy 

development. In this work, we use genetic and proteomic approaches to identify 

vulnerabilities associated with Pseudomonas aeruginosa essential genes, which can be 

translated into small molecule inhibitors for co-administration with phage therapy. In this 

foundational work, we show some enhancement of DMS3 phage family activity against 

PA14 through genetic inhibition of essential genes pyrC, lptH, lpxD, and non-essential 

genes trmH, xcpP, and algP.  
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Introduction  

Small molecule antibiotic drugs historically have not kept pace with continually evolving 

pathogens, resulting in antibacterial resistance. Bacteriophage (phage) are natural 

predators of bacteria, and both have co-evolved offensive and defensive mechanisms 

against each other. Among these anti-phage mechanisms used by bacteria for protection 

against phage predation is the CRISPR system, which has been exploited by researchers 

as a powerful genetic tool. Investigating such phage-host interactions has the potential 

to yield more tools for research and therapeutic development.  

Phage therapy development has shown promise as an alternative to failing small 

molecule antibiotics, but anti-phage mechanisms represent a major hurdle. In the 

modern era, our ability to isolate, sequence, analyze, modify, and deliver phage therapies 

has improved dramatically. (1,2) To enhance the potency of phage as therapeutics, a 

deeper, molecular-level understanding of phage-host interactions is needed, as bacteria 

harbor many innate and acquired mechanisms to resist phage predation.  

Efforts to create an exhaustive list of anti-phage mechanisms has been pursued mostly 

through probing non-essential bacterial genes where knockout enhances phage 

predation. (3–5) However, due to technological limitations, these studies have largely 

overlooked highly conserved bacterial essential genes. While all known bacterial anti-

phage mechanisms are non-essential under standard laboratory conditions, many 
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phages alter host metabolism, and all phages rely on essential host processes like 

transcription and translation—suggesting that essential genes may be involved in anti-

phage resistance mechanisms.  

A groundbreaking study by Bikard and colleagues (6) recently explored the feasibility of 

using CRISPRi to reveal phage-host interactions in E. coli, including bacterial essential 

genes. The focus of the study was on bacterial strains where gene knockdown led to 

abrogation of phage activity. Genes where knockdown led to sensitization to phage 

predation were difficult to identify since phage-resistant mutants dominated the post-

infection library population, drowning out mutants with either neutral or negative fitness 

levels.   

While most studies in the area involve phages that are inherently successful in lysing 

bacteria, the potential to enhance a weakly lytic phage through inhibition of bacterial 

resistance mechanisms has not been as thoroughly investigated. We sought to design an 

experiment that would capture instances where knockdown of bacterial essential genes 

involved in anti-phage mechanisms renders the bacteria more susceptible to phage 

predation, thereby potentiating the productivity of phage infection. Such a study would 

not only reveal anti-phage resistance mechanisms, but also could guide the development 

of small molecule adjuvants to phage therapy. 
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To complement the genetic screening approach, we use an unbiased proteomic analysis 

to identify interactions between phage and bacterial proteins that mediate anti-phage 

resistance mechanisms. The abundance (7) and dynamics (8) of protein complexes can be 

determined through size-exclusion chromatography coupled with mass-spectrometry 

using a data-independent acquisition mode. This method enables mining of the phage 

accessory genome, revealing not only host processes that can be antagonized by phage, 

but also phage engineering strategies to overcome intrinsic resistance.  

To demonstrate the utility of this dual-pronged approach, we sought to identify 

resistance mechanisms against engineered variants of the DMS3 model phage, part of 

the Mu-like phage family. DMS3 contains a wide repertoire of largely uncharacterized 

accessory proteins that are enriched for anti-host interactions. While it is a temperate 

phage, it can be easily locked into the lytic cycle by deletion of the c-repressor. (9,10) 

These lytic variants escape common superinfection exclusion mediated by the immunity 

protein expressed by endogenous prophages (10) and is non-immunogenic (11) in 

comparison to other phages. 

As part of a manufactured system of checks and balances, we use both wildtype 

Pseudomonas aeruginosa and an engineered variant fortified with extra spacers targeting 

DMS3 phage to probe resistance mechanisms against DMS3 phage relatives, including 

those containing anti-CRISPR proteins. By arming bacteria with strong weapons and 

phage with similarly matched armor enables phage to use proteins in its accessory 
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genome to kill bacteria that display the slightest weakness in the form of a genetic 

vulnerability. Importantly, this precarious balance allows us to detect these small 

windows of opportunity created by perturbation of bacterial essential genes.  

Results 

Mobile-CRISPRi Enables Modulation of Phage Productivity  

The phage DMS3mvir is a lytic phage unable to replicate in PA14 because it is targeted by 

a natural spacer in the Type I-F CRISPR system of PA14, while phage DMS3vir can 

replicate in PA14 due to protospacer mismatches (Fig. 4.1A). (9) Knockdown of two 

distinct cas gene operons in the PA14 CRISPR-cas locus (csy1-2-3-4 and cas1-2-3) using 

Mobile-CRISPRi makes DMS3mvir replication possible but does not affect DMS3vir 

infection. Notably, the knockdown strains enable the same extent of phage replication 

that is observed in both complete CRISPR knock-out strains and phage possessing the 

CRISPR-inhibiting anti-CRISPR protein AcrIF1 (Fig. 4.1A).  

As another example, knockdown of pilA, which encodes the major subunit of the type IV 

pilus, inhibits the replication of the pilus-dependent DMS3-like phage JBD30 in PA14 (Fig. 

4.1B). These results demonstrate that Mobile-CRISPRi can be used to discover bacterial 

sensitizing and protective factors against a variety of phages.  
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Figure 4.1: Gain and loss of phage infectivity in response to targeted CRISPRi 
depletion of protective and phage-sensitizing factors.  
10-fold serial dilutions of the CRISPR-sensitive phage DMS3mvir or CRISPR-resistant 
phage DMS3vir spotted on indicated PA14 host strains. (A) Mobile-CRISPRi knockdown 
of the PA14 CRISPR-cas locus (cas1 KD, cys1 KD) makes DMS3mvir replication possible. 
(B) Depletion of the pilus (pilA KD), a phage receptor required for adsorption of the 
phage JBD30, leads to loss of viral entry and infectivity. 

 

A Pooled CRISPRi Screen to Probe PA14 Protective Factors Against 

DMS3 Phage  

Since phage and bacteria have co-evolved multiple offensive and defensive mechanisms, 

we chose to artificially introduce some of these known stressors (bacterial CRISPR 

systems and phage anti-CRISPR systems) while probing for bacterial vulnerabilities to 

phage predation. Previous work of the Bondy-Denomy lab revealed that PA14 carries a 

Type I-F CRISPR system, for which efficacy depends on the number of protospacers 

matching the target phage (9). Through laboratory evolution, a PA14 strain with 5 
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protospacers (PA14-5sp) that are a perfect match to DMS3mvir demonstrated resistance 

to lysis.  

We have engineered a library of PA14-5sp mutants that are transcriptionally repressed in 

528 individual essential genes via Mobile-CRISPRi. The genes were chosen according to 

essentiality in atleast one media, including infection-related conditions, as determined in 

a transposon screen. (12) The extent of gene knockdown was varied by 1) using a series of 

three constitutive promoters within a small gradation of strengths in driving dcas9 

expression (13) and 2) by designing four sgRNAs at various regions along the gene, since 

distance from the transcription start site decreases knockdown levels. (14–16) The 

knockdown strains in this library (PA14-5sp KD Lib) represent combinations of the 3 

constitutive promoters and the sgRNA library, including 1,000 non-targeting negative 

controls (Fig. 4.2A).  

This PA14-5sp essential gene knockdown library was used to search for essential genes 

with protective properties against phage, expanding the known repertoire of non-

essential genes that interact with phage (Fig. 4.2B). To this end, the library was exposed 

to the model phage DMS3mvir and engineered variants containing anti-CRISPR proteins. 

The interactions between PA14-5sp and a lytic phage expressing a strong (acrIF1) or weak 

(acrIF4) anti-CRISPR creates a delicate equilibrium between host and phage, which can 

be perturbed with knockdowns of bacterial essential genes.  
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Figure 4.2: Mobile-CRISPRi library and screen design 
(A) A pooled sgRNA library was designed to contain 3,112 sgRNAs, representing 528 PA14 
genes demonstrating essentiality in LB or infection-related media targeted by 4 sgRNAs 
per gene as well as 1,000 non-targeting sgRNA controls. The pooled sgRNA library was 
inserted into restriction digested Mobile-CRISPRi plasmids containing one of three 
constitutive promoter driving dCas9 activity. The pooled Mobile-CRISPRi constructs 
were chromosomally integrated into the PA14-5sp strain through mating to generate a 
pooled knockdown library. The knockdown libraries associated with each promoter 
(PA14-5sp P1 Lib, PA14-5sp P2 Lib, PA14-5sp P3 Lib) were combined in equivalent 
proportions to generate PA14-5sp KD Lib. (B) Examples of sensitizing and protective gene 
products that we seek to find in this screen. Sensitizing: (a) pilli, (b) porins, (c) LPS, O-
antigen; Protective: (d) restriction enzymes, (e) CRISPR, (f) putative bacterial essential 
genes that resist phage infection that we aim to uncover in this screen. (C) Visual 
representation of genetic screen, in which the PA14-5sp KD Lib is exposed to phage. 
Knockdown strains that are depleted in the final population are considered “hits”, as they 
demonstrate heightened vulnerability to phage predation compared to non-targeting 
negative control strains and may play a protective role.  
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In the screen, PA14-5sp KD Lib was infected with two different doses of three phages 

(DMS3mvir, DMS3mvir+AcrIF1, or DMS3mvir+AcrIF4), and samples were taken at 3 

different time points (5, 11, and 24 hours). These conditions were chosen based on 

preliminary growth curves using PA14-5sp P1 Lib (Supplementary Fig. 4.1). After gDNA 

extraction, amplicon library preparation, and next-generation sequencing of the samples, 

we identified knockdown strains that were exceptionally depleted in each condition 

relative to the distribution of non-targeting control strains (Fig. 4.2C).  

 

 

Supplementary Figure 4.1: Growth curves corresponding to PA14-5sp P1 Lib 
exposed to DMS3mvir phage and variants at multiple time points  
The chart shows manually taken data with spectrophotomer for PA14-5sp growth under 
different phage infection conditions. Graphs show data collected by a plate reader for 
the infection of the PA14-5sp P1 library with various concentrations of DMS3mvir phages. 
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To begin analysis of next-generation sequencing results, several quality control metrics 

were assessed. In comparing the library populations of duplicate samples, the low 

correlation of population distributions in several samples suggested technical issues 

concerning reproducibility or noisiness of data. Samples with correlation values (r) > 0.7 

of fractional composition of non-targeting controls between duplicate samples were 

DMS3mvir 11 hr, DMS3mvir 24 hr, DMS3mvir acrF4 high dilution 11 hr, DMS3mvir acrF4 

low dilution 24 hr, uninfected 11 hr, and uninfected 24 hr. Corroborating the lack of 

reproducibility in the 5 hour samples, the population of 1,000 non-targeting controls 

exhibited skewed distributions in all the 5 hr samples, including the uninfected bacterial 

cultures, indicating a bottleneck effect (Supplementary Fig. 4.2). To resolve this matter, 

only the samples with high reproducibility were carried forward in the analysis pipeline, 

and Z-scores were calculated for every strain in the library based on the distribution of 

the non-targeting controls in the libraries associated with each of the 3 promoters.         
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Supplementary Figure 4.2: Histograms for PA14-5sp KD Lib sgRNA distributions in 
uninfected samples over time 
Next-generation sequencing analysis generated a count matrix for all detected sgRNA-
promoter pairings. sgRNA distributions are depicted for each duplicate taken at 5 hours, 
11 hours, and 24 hours post-infection and separated according to promoter number. 
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Moreover, individual mutants in the uninfected PA14-5sp KD Lib cultures were expected 

to maintain their fractional composition over the course of time, based on the lack of in 

vitro fitness defects observed for the PA14-P1 library used in Chapter 3. However, the 

distribution of mutants with gene-targeting sgRNAs shifts from 5 hours to 11 hours and 

24 hours. This dynamic suggests that there may be underlying competition among the 

PA14-5sp P1, PA14-5sp P2, and PA14-5sp P3 libraries, and strain depletion in the phage-

infection conditions may not be entirely attributable to bacteria-phage interactions. To 

account for time-dependent depletion of strains in the absence of phage, biologically 

relevant depletions were determined based on the difference in Z-scores of strains 

representing each targeted gene in the uninfected and infected conditions.  

Accordingly, “hits” in our screen correspond to strains exhibiting lower fitness in the 

phage-infected condition compared to the uninfected condition, resulting in positive Z-

score differences (Fig. 4.3). The threshold of >3 Z-score difference to be considered a hit 

is consistent with the lack of negative control strain appearing in that region 

(Supplementary Fig. 4.3). Small subsets of strains, defined by unique combinations of 

sgRNAs and promoters, are classified as hits in each of the four infection conditions that 

met the duplicate correlation threshold of r > 0.7.  With few exceptions, these hits are 

largely non-overlapping among the different phage infection conditions, suggesting that 

bacterial vulnerabilities may depend on the phage’s extent of protection against CRISPR 

and stage of infection. 
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Figure 4.3: Volcano plots from the genetic screen  
The log percent read metric was determined for each sgRNA-promoter pairing to 
normalize counts across samples, and Z-scores were calculated in relation to the 
distribution of 1,000 non-targeting sgRNA negative control strains. P values were 
calculated according to the subtraction of the Z-score associated with the infected 
sample from that of the uninfected sample for each gene. The upper right quadrant of 
the volcano plot represents Mobile-CRISPRi mutants (with unique sgRNA and promoter 
combinations) exhibiting reduced fitness specifically during phage infection. Mutants 
with a Z-score difference >3 and p val <.05 are listed in the box and represented as dots 
in the upper right quadrant of the graph. 
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Supplementary Figure 4.3: Volcano plots of negative control strains from the 
genetic screen 
The log percent read metric was determined for each of the 3,000 non-targeting sgRNA-
promoter pairings to normalize counts across samples, and Z-scores were calculated in 
relation to the distribution of 1,000 non-targeting sgRNA negative control strains. P 
values were calculated according to the subtraction of the Z-score associated with the 
infected sample from that of the uninfected sample for each gene. The upper right 
quadrant of the volcano plot represents negative control strains (with unique sgRNA and 
promoter combinations) with reduced fitness specifically during phage infection. A 
limited number of negative control strains are present in the region defined by a Z-score 
difference >3 and p val <0.05. 
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Essential gene knockdown-mediated sensitization to phage predation 

has limited generalizability 

To validate the results of our screen, we returned to our hypothesis that perturbation of 

PA14 genes to an extent with unnoticeable growth defects may generate a vulnerability 

that DMS3mvir can exploit, despite the phage’s weak lytic activity in the wildtype PA14 

strain. Universal, time-independent, and phage-independent genetic vulnerabilities that 

can be exploited to enhance phage predation are attractive as target candidates for 

adjuvant therapy. As such, we chose to validate the susceptibility of several Mobile-

CRISPRi mutants based on conserved depletion (not necessarily significant) in multiple 

infection conditions (Fig. 4.4). This commonality suggests that the targeted genes are 

involved in general resistance to phage infection, rather than a phage-specific response. 

PA14 Mobile-CRISPRi mutants corresponding to the selected hits were created 

individually using previously developed procedures and assessed in plaque assays. 

Downregulation of nusB in E. coli has been reported to increase strain fitness during 

lambda phage infection (17–18) but Mobile-CRISPRi mutants targeting nusB did not 

exhibit differential susceptibility to DMS3mvir infection in the validation assay (Fig. 4.5). 

Of all the Mobile-CRISPRi mutants tested, slight enhancement in plaquing efficiency of 

DMS3mvir + AcrIF4 was observed against PA14 knockdowns of lptH, pyrC, and lpxD (Fig. 

4.5A and B). Notably, the pyrC knockdown mutant demonstrated heightened 

vulnerability to the DMS3mvir phage without the anti-CRISPR systems (Fig. 4.5A and C).  
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Figure 4.4: Generalizability as a prioritization metric for hit validation 
Knockdown PA14-5sp strains sensitized to phage infection should have Z-score 
differences of atleast 1. (A) A list of Mobile-CRISPRi mutants that are depleted across 
multiple phage infection conditions that were chosen for further validation. We only 
analyzed conditions with fair reproducibility, and the Z-score and p value for each strain 
(defined by targeted gene, transcription start site offset of the sgRNA, and dCas9 
promoter) are displayed. (B) Volcano plots from two example conditions are shown to 
highlight strains that are depleted in all infection conditions, which are color-coded to 
represent hits for further validation. 

 

 

 

 



177 
 

 

Figure 4.5: Validation of PA14 Mobile-CRISPRi hypersensitivity to phage lysis  
Spot-titration assays are shown for the DMS3mvir panel of phages used in the genetic 
screen against various Mobile-CRISPRi mutants in 3 separate experiments (A, B and C), 
where phage concentration decreases left-to-right. A CRISPRi control strain (MCi) with a 
non-targeting sgRNA is used for comparison. Arrowheads point to qualitative evidence of 
heightened vulnerability to phage-mediated lysis. 
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Phage sensitization phenotype of pyrC knockdown in solid phase is not 

recapitulated in liquid growth  

As pyrC knockdown enhances the productivity of phage possessing no anti-CRISPR 

systems, we sought to characterize this interaction further. There are two copies of pyrC 

in the PA14 genome: one copy of pyrC is a dihydroorotase enzyme in the pyrimidine 

biosynthesis pathway and is conditionally essential in a systemic murine infection model. 

(12) Recently, a family of bacterial pyrimidine cyclase enzymes were discovered that 

specifically synthesize cCMP and cUMP following phage infection, which activate 

immune effectors that execute an antiviral response. (19) 

Our pyrC hit is PA3527 (aka PA14_RS07500, PA14_18710), which is co-operonic with a 

ribonuclease T (rnt) gene and distinct from the pyrRBS operon involved in pyrimidine 

biosynthesis. Ribonuclease T is involved in tRNA biosynthesis and is responsible for the 

end-turnover of tRNA by removing the terminal AMP residue from uncharged tRNA. The 

involvement of this pyrC gene or rnt in phage defense has not been previously described. 

Given the enhanced phage plaquing efficiency observed in pyrC knockdown strains, we 

expected to recapitulate similar phenotypic effects during growth in liquid media. As 

efficiency of plaquing was greatest for phage DMS3mvir + AcrIF4, we measured growth 

curves of PA14 strains exposed to this phage. We found that, despite the potentiation 

phenotype in solid media, infection of pyrC knockdown mutants with DMS3mvir + AcrIF4 
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phage yielded similar dynamics as infection of WT PA14 (Fig. 4.6). Yet enhanced, dose-

dependent bacterial killing was observed in the inactivated CRISPR positive control 

bacterial strain, suggesting that the phage was indeed exerting lytic activity (Fig. 4.6). In 

contrast, preliminary growth curves involving lptH knockdown mutants demonstrate 

bacterial growth inhibition beginning at 10 hours post-exposure using similar titers of 

DMS3mvir + AcIF4 phage.  

 

 

Figure 4.6: Liquid growth curves of pyrC knockdown mutants exposed to 
DMS3mvir + AcrIF4 phage 
Growth curves of various bacterial strain (2 pyrC knockdowns, non-targeting sgRNA 
control, and inactivated CRISPR control) exposed to phage DMS3mvir + AcrIF4, as 
measured by a microplate reader.  
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While DMS3mvir + AcrIF4 had the greatest efficiency of plaquing on PA14, the DMS3mvir 

phage unarmed with anti-CRISPR protein also captured our interest: pyrC knockdown 

made PA14 more vulnerable to lysis by this phage despite the lack of intrinsic activity in 

wildtype PA14. When we attempted to recapitulate this potentiation in liquid growth 

curves, we once again were not able to distinguish the lytic activity of DMS3mvir against 

WT PA14 and pyrC knockdown mutants. We hypothesized that using a higher 

concentration of phage may allow us to observe the differential phenotype in liquid 

media. Plaque assays demonstrated that the PEG-concentrated phage stock was indeed 

more concentrated than the originally used stock, as lytic activity was observed in many 

more dilutions (Fig. 4.7A). However, the enhanced activity seen in solid growth 

conditions was abrogated in liquid growth conditions even when using this higher titer of 

the DMS3mvir phage against the pyrC knockdown mutants (Fig. 4.7B). Again, 

inactivation of CRISPR enabled dose-dependent productivity of phage infection. These 

results may be reflecting the differences in drivers of phage infection dynamics in solid 

phase growth (phage latent period, burst size, diffusion rate, and growth rate of the host) 

compared to liquid phase growth (adsorption rate, latent period, and burst size), and the 

solid phase determinants play a more critical role in the sensitization of pyrC mutants to 

DMS3mvir. This difference in performance between the liquid condition and solid 

condition may also have implications on the clinical utility of exploiting this vulnerability 

with DMS3mvir phage.   
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Figure 4.7: Plaque assays and growth curves with higher titers of DMS3mvir phage 
against pyrC knockdown mutants  
A higher titer of DMS3mvir phage was purified through PEG precipitation. This phage 
stock was evaluated in (A) plaque assays and (B) liquid growth curves measured by a 
microplate reader. Arrowheads highlight increased efficiency of plaquing.   
 

Next, we evaluated the generalizability of this pyrC-mediated vulnerability by challenging 

the Mobile-CRISPRi mutant strains with phages from different families in the Bond-

Denomy lab’s collection. We noted that the potentiation effect in pyrC knockdown 

mutants only applied to the DMS3 family, and the activity of KMV-like phage was actually 

diminished in the pyrC knockdown strains (Supplementary Fig. 4.4). This small screen 

suggests that the interaction between pyrC and phage predation factors is not a general 

mechanism for exploitation, as is the case for many non-essential defense mechanisms.  
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Supplementary Figure 4.4: Generalizability of pyrC-mediated vulnerability to phage 
predation 
Plaque assays corresponding to a panel of phages from various families (10x serial 
dilutions from left to right) used to infect the indicated bacterial strains. 

Investigation of knockdown strains with high confidence and low 

commonality yields hits with inconsistent sensitization to phage 

Of the eight genes pursued in validation studies due to their commonality as “hits” in 

multiple screening conditions, only pyrC, lptH, and lpxD showed slight enhancement of 

phage infection, with limited evidence of recapitulation in liquid media. To interrogate 

whether the power of the screen is in detecting specific vulnerabilities at particular 

points in time, we probed several genes that demonstrated high-confidence and unique 

depletions in the individual conditions (Fig. 4.8A). Two separate plaque assays performed 

on different days using the same phage stocks exhibited disparate plaquing efficiency 
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results (Fig. 4.8B and C). We also observed a decrease in plaquing efficiency for several 

of the chosen strains. Due to these inconsistencies, results from this endeavor are 

inconclusive.  

Figure 4.8: Validation of non-overlapping hits with significance in single conditions 
(A) The most significant hits from each of the 4 screening conditions considered were 
selected. (B and C) Two rounds of plaque assays were performed using the same phage 
stocks and separate bacterial cultures. White arrowheads represent enhancement of 
plaquing efficiency, and red arrowheads represent diminished plaquing efficiency as 
compared to the MCi control strain.  
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An unbiased proteomic screen reveals non-essential bacterial proteins 

involved in protective and sensitizing interactions with phage 

In parallel to the genetic screen, we sought to capture phage proteins that physically 

interact with host complexes to counter host resistance. The PA14-5sp infection with 

DMS3mvir + AcrIF4 from the genetic screen was scaled-up to enable proteomic analysis 

from both the whole cell lysate and the cell membrane. As this approach is not biased for 

essential bacterial genes or conferral of susceptibility to phage, we expected to see 

minimal overlap between the genetic and proteomic screens. 

We utilized emerging proteomics technologies to detect these interactions between 

bacteria and phage during native infection. This was achieved in a proteome-wide and 

high-throughput manner using co-elution correlation profiling mass spectrometry and 

data-independent acquisition approaches. A list of putative complexes that differ from 

the infected and uninfected conditions were generated computationally and verified by 

manual inspection. These hits were chosen based on the following criteria: shift in elution 

according to size exclusion chromatography profile, reproducibility between the two 

replicates, having greater than 3 peptides supporting protein identification, and scoring 

under the 1% FDR threshold. Changes in abundance and molecular weight—indicating 

association or dissociation— of the complexes may be related to functional roles during 

phage infection. 
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Hits from the proteomic screen largely corresponded to PA14 genes that are non-

essential in rich media. As such, transposon mutants associated with the hit genes were 

utilized to probe the susceptibility of strains lacking these proteins to phage predation. 

Several of these strains, representing algP, trmH, and xcpP, exhibited heightened 

susceptibility to DMS3mvir + AcrIF1 phage predation (Fig. 4.9A). Preliminary growth 

curves in liquid media showed increased susceptibility of algP transposon mutants to 

killing by the DMS3mvir + AcrIF4 phage. For other transposon mutants, representing 

PA14_10830, PA14_26540, and narJ, the plaquing efficiency of DMS3mvir + AcrIF4 phage 

is hindered (Fig. 4.9B).  
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Figure 4.9: Plaque assays with transposon mutants for proteomic screen validation 
PA14 transposon mutants corresponding to several proteomic screen hits were 
cultivated and exposed to phage in the DMS3 family. (A and B) Two rounds of plaque 
assays were performed using the same phage stocks. Concentration of phage titer 
decreases right to left. White arrowheads show enhancement of plaquing efficiency & 
red arrowheads show diminished plaquing efficiency as compared to MCi control.   
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Discussion  

Our goal was to inform future phage therapy development by identifying essential 

pathways and complexes in the bacterial host that can be inhibited with small molecules 

or circumvented by phage engineering to boost lysis and retard the emergence of 

resistant bacteria during phage therapy. We used a dual-pronged approach involving a 

CRISPRi-based genetic screen and an unbiased proteomic screen to identify intrinsic 

bacterial resistance mechanisms to phage predation. We hypothesized that perturbing 

conserved essential genes would provide an opportunity to sensitize a wide variety of 

bacteria to phages that utilize those specific vulnerabilities.  

We designed the screens in anticipation of encountering the challenged reported by 

other pooled screens studying bacteria-phage interactions. As noted by Bikard et. al (6) 

trains resistant to a very effective phage are anticipated to have strong positive fitness 

values, which can obfuscate the distinction between a strain with neutral fitness or low 

fitness. Conversely, our genetic screen utilized a very ineffective phage with low selective 

pressure, such that strains with increased susceptibility to lysis are anticipated to 

become selectively depleted from the library. We additionally engineered a delicate 

equilibrium between phage and bacterial defenses using anti-CRISPR proteins and an 

enhanced phage-targeting spacer, respectively.   

However, the resolution of library composition after next-generation sequencing 

suffered from reproducibility issues, possibly due to computational errors in 
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demultiplexing the large library complexity. While we found ways to mitigate these issues 

(discarding datasets with poor quality control, setting the “hit” thresholds to exclude 

non-targeting controls, etc.), we were ultimately unable to identify strong genetic drivers 

of phage resistance that matched the phenotypic effect of knocking out the CRISPR 

defense machinery.    

Investigations into phage-antibiotic interactions have demonstrated the ability of 

antibiotics to both synergize with phage as well as limit phage replication, dependent on 

the particular phage and antibiotic combination. (22) This insight opens exploration into 

rationalizing drug-phage synergies based on mutual targeting of the same essential 

processes. Overlaps in genetic vulnerabilities imply that inhibition of those essential 

genes may sensitize the bacteria to phage infection and antibiotic therapy.  

Phages used in these experiments were unable to achieve robust lysis when infecting the 

wild-type strain, however some enhancement in phage infection was noted with the 

genetic inhibition of pyrC, lptH, lpxD, trmH, algP, and xcpP. The reported synergies 

between phage therapy and antibiotics or the innate immune system offer promising 

research avenues to develop combination therapies for clearing bacterial infections. By 

exploiting the fitness vulnerabilities experienced by bacteria that evolve resistance to 

lytic phages through surface modifications, it may be possible to simultaneously reduce 

bacterial virulence as well as re-sensitize bacteria to antibiotic or immune killing. 
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Methods 

Genetic Screen  

Thawed glycerol stocks of the P1, P2, and P3 PA14-5sp libraries were combined in equal 

proportions to form PA14-5sp KD Lib. This inoculum was added to multiple flasks 

containing 20 mL of LB + 30 µg/mL Gent + 10 mM MgSO4 at an OD600nm of 0.01. 200 µL of 

the following dilutions of phages were added to the cultures in duplicate: DMS3mvir + 

AcrIF1 at 10-2 and 10-5 dilutions, DMS3mvir + AcrIF4 at 10-1 and 10-2 dilutions, DMS3mvir 

undiluted, and no added phage. Samples were taken from each culture at 5.5 hr, 11 hr, and 

24 hr.   

For each CRISPRi phage infection experiment, sequencing data from the duplicates were 

combined for statistical analysis. For each sgRNA, experimental errors were estimated 

using frequency differences among two control replicates without phage exposure. P-

values (one-sided) were then calculated to evaluate whether sgRNA frequencies with 

phage exposure are significantly different from the ones without phage exposure. A Z-

score was calculated for every gene in each condition as shown below to normalize 

against the non-targeting control distribution. 
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Proteomics Screen  

3 replicates of PA14-5sp overnight cultures were diluted 1:100 in 100 mL of LB + 10 mM 

MgSO4 media. The same 10-1 dilution of DMS3mvir + AcrIF4 used in the genetic screen 

was used in this larger scale culture. The cultures were grown to an OD600nm of 1, at which 

time both the native soluble and membrane protein compartments were collected and 

fractionated by SEC. Each fraction was analyzed by mass spectrometry to determine the 

identity of the PA14 proteins that co-elute. 

Peptides from each fraction were injected into a Bruker timsTOF Pro mass spectrometer 

to detect phage and PA14 proteins that are present in each fraction. For mass 

spectrometry data collection, a data-independent acquisition (DIA) approach was 

implemented. The open source PCprophet package (20) was used to look for PA14 

protein complexes that co-elute with each individual phage protein.  

Transposon mutants from the PA14 Non-Redundant Transposon Insertion Mutant Set 

(PA14NR Set) were obtained from the Bondy-Denomy lab. (21) Details are shown in 

Supplementary Table 4.1. 
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Supplementary Table 4.1: Transposon mutants used in this study 
Transposon information can be found at the following web address: 
http://ausubellab.mgh.harvard.edu/cgi-bin/pa14/home.cgi 

Gene name  Transposon mutants  

PA14_10830 Mutant ID: 37082  
PAMr_nr_mas_07_4:C5 

PA14_62640 Mutant ID: 37765  
PAMr_nr_mas_08_1:D8 

narJ, PA14_13810  Mutant ID: 24921 
PAMr_nr_mas_01_4:E3 

purT, PA14_15890 Mutant ID: 23328 
PAMr_nr_mas_01_1:E2 

PA14_69840 Mutant ID: 28356  
PAMr_nr_mas_03_3:C2 

nqrF, PA14_25350 Mutant ID: 40917 
PAMr_nr_mas_09_3:E3 

PA14_26540 Mutant ID: 26754 
PAMr_nr_mas_02_4:B5 

PA14_41640 Mutant ID: 47145 
PAMr_nr_mas_12_1:H4 

PA14_66160 Mutant ID: 31546 
PAMr_nr_mas_05_1:G10 

algP, PA14_69370 (1) Mutant ID: 23357 
PAMr_nr_mas_01_1:E4 
 
(2) Mutant ID: 35005 
PAMr_nr_mas_06_4:B9 

trmH, PA14_65190 (1) Mutant ID: 32692 
PAMr_nr_mas_05_4:B1 
 
(2) Mutant ID: 28433 
PAMr_nr_mas_14_4:G9 

xcpP, PA14_23980 Mutant ID: 47432 
PAMr_nr_mas_12_2:B8 

http://ausubellab.mgh.harvard.edu/cgi-bin/pa14/home.cgi
http://pa14.mgh.harvard.edu/cgi-bin/pa14/retrieve.cgi?MutantID=32692
http://pa14.mgh.harvard.edu/cgi-bin/pa14/retrieve.cgi?MutantID=28433
http://pa14.mgh.harvard.edu/cgi-bin/pa14/retrieve.cgi?MutantID=47432
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Plaque Assays 

150 µL of overnight bacterial cultures was added to 4 mL molten top agar containing LB 

plus 0.7% bacto agar and 10 mM MgSO4. This was poured over solidified LB agar plates 

containing 1.5% bactoagar and 10 mM MgSO4. Ten-fold serial dilutions of phages were 

made in SM phage buffer and 2 µL of each dilution was spotted on the top agar. The 

plates were incubated overnight at 30 ̊ C and photos were taken with Bio-Rad Gel Doc EZ 

System, with lighting corrections to improve visibility of plaques.    

Growth Curves 

2 mL overnight bacterial cultures were diluted 1:100 into LB + 10 mM MgSO4 media. 140 

µL of the diluted cultures were added into the appropriate wells of a 96-well plate. In 

parallel, 10-fold dilutions of the desired phages were made in SM phage buffer in a 

separate 96-well plate, and 10 µL of the appropriate phage dilution was added to each 

well. All plates included no phage controls and a blank media plus SM buffer control. 

OD600nm measurements were taken every 10 minutes using a microplate reader (Synergy 

H1; BioTek Instruments, VT) with continuous, fast, double orbital shaking. 
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Conclusion  
 

Given that the rise of antimicrobial resistance globally threatens the foundations of 

modern medicine, it is imperative to bring new antibacterial agents with low rates of 

resistance to the clinic. Existing antibiotics used to treat Gram-negative bacterial 

infections belong to a limited set of chemical classes, targeting less than a dozen 

essential bacterial genes. However, hundreds of bacterial genes have been identified as 

essential through transposon sequencing and comparative genomics studies, implying 

that inhibition of their gene products may lead to cell death.  

This framework for antibacterial discovery was pursued by many to no avail in the late 

1990s–2000s: During a seven-year effort at GlaxoSmithKline, three hundred genes were 

identified as potential drug targets, based on their conservation among bacterial species, 

lack of a human homolog, and essentiality for bacterial survival in lab cultivation media 

(Payne 2007). The company conducted seventy target-based high-throughput screening 

campaigns, producing sixteen hits that resulted in five leads—two of which were 

optimized and none of which progressed to human clinical trials. Similarly, 65 high-

throughput screens were carried out by AstraZeneca, generating 19 hits that advanced to 

exploratory chemistry efforts, though none possessed Gram-negative activity. The failure 

of these endeavors underscores the importance of choosing chemical libraries with 
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appropriate physicochemical properties and mitigating risks associated with 

permeability, efflux, resistance emergence, and genetic dependencies.  

With the disclosure of these narratives, clinically unvalidated antibacterial targets have 

become associated with a long history of failure and financial risks that are unbearable 

for the small-sized companies that are primarily driving antibacterial development today. 

This reputation has deterred antibacterial developers from pursuing these potential 

targets, in favor of established targets and chemical classes. This body of work serves to 

identify a major barrier in antibacterial clinical development and to develop and apply 

CRISPR-based technology towards de-risking novel antibacterial targets.  

Chapter 1 examines the clinical development pipeline for antibiotic candidates with 

activity against Gram-negative bacteria between 2010–2020. This analysis revealed that 

most development efforts focused on well-established targets and chemical classes, 

particularly beta-lactams. The latest advances in beta-lactam development include a 

novel class of beta lactamase inhibitors and approval of a siderophore-conjugated beta-

lactam that exploits a novel mode of entry. However, recent reports confirm the 

emergence of resistance to the siderophore-conjugated antibiotic, cefiderocol, 

suggesting that these innovations may soon lose clinical relevance. In the last decade, 

only 6 Gram-negative antibiotic candidates, representing 5 clinically unprecedented 

targets, were advanced to clinical trials. 4 of these were discontinued, further diminishing 

antibiotic developers’ optimism for going after these novel targets. Thus, a strategy to 
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de-risk and prioritize underexploited antibiotic targets is required to encourage 

antibiotic developers to pursue them in clinical trials.   

Despite limitations in company disclosures, the analysis pinpoints toxicity in phase 1 

clinical trials as the major pitfall of Gram-negative antibiotic development over the last 

decade. Retrospective analysis of preclinical data associated with discontinued 

candidates reveals non-predictive toxicological and resistance-related findings. Poor 

safety profiles lead to post-approval issues for antibiotics as well: several 

fluoroquinolones have been withdrawn from clinical use due to adverse effects.  

This safety-related bottleneck in antibiotic development contrasts sharply with other 

therapeutic pipelines, where the lowest success rate is in the transition from phase 2 to 

phase 3 trials. As the adage goes, the dose makes the poison: anecdotal evidence reveals 

that antibiotics are typically administered at a much higher dosage than drugs for other 

ailments. This has been attributed to the low cellular potency of antibiotics, where 

micromolar concentrations are required to kill the bacterial cell, whereas nanomolar 

concentrations are typical for achieving therapeutic efficacy in treating other medical 

conditions. Thus, the safety issues associated with antibiotics may be addressed by 

selecting targets that require little inhibition (less chemical matter) to impede bacterial 

growth during infection.  
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While antibiotics are often developed as standalone chemical weapons against 

pathogens, host immunity mechanisms play important roles in clearing the bacterial 

burden. These processes include nutritional immunity, where the nutrient-restrictive 

microenvironment impedes the growth of auxotrophic pathogens, and macrophage 

autophagy, which is the innate immune system’s first line of defense. It is conceivable 

that the extent of target inhibition required for bacterial growth inhibition in vitro may 

exceed that which is needed in vivo, where the host immune system mediates clearance 

of the infection. Since the impact of host immunity effectors are not captured in axenic 

cultures where antibiotic action is assessed, we theorized that potential synergistic 

interactions between antibiotics and the host immune response may be underexplored. 

Exploiting such a synergism would provide an opportunity to lower the requisite 

antibiotic dose, such that it potentiates host immunity mechanisms in clearing the 

infection.  

As a scalable proxy for chemical inhibition, we use genetic perturbation to probe for 

fundamental drivers of bacterial growth in the context of the host immune response. Of 

these genetic drivers, we are most interested in scenarios where partial inhibition leads 

to large fitness consequences in the infection microenvironment, despite limited growth 

defects when grown in axenic culture. Historically, these genetic drivers have been 

difficult to manipulate precisely, as they are requisite for pathogen survival. In chapter 2, 
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we develop a CRISPR-based technology that allows us to modulate gene expression in a 

murine pneumonia model.  

Chapter 2 details the construction and characterization of P. aeruginosa knockdown 

strains using a modular and scalable genetic tool called Mobile-CRISPRi. Through 

triparental mating, the Mobile-CRISPRi construct was chromosomally integrated into P. 

aeruginosa strain PA14. Keeping our ultimate goal of assessing gene vulnerability in a 

murine infection model in mind, we replaced the inducible promoter driving dCas9 

activity with constitutive promoters to avoid potential issues with non-homogenous 

distribution of inducer molecules in the murine lung tissue. We characterized the 

strength of these promoters by targeting a chromosomally integrated mrfp gene for 

CRISPRi-mediated repression and measuring the resultant fluorescence of these strains 

compared to mrfp-integrated control strains containing non-targeting sgRNAs. To 

demonstrate the utility of this system in a murine pneumonia model, we chose to 

recapitulate a known phenotype: knockout of the transcriptional activator exsA 

associated with the type 3 secretion system has previously been shown to attenuate P. 

aeruginosa virulence. Altogether, we provide the first application of CRISPRi to study 

conditionally essential virulence genes in mouse models of lung infection through partial 

gene perturbation.   

While the design of a constitutive knockdown system and implementation of CRISPRi in a 

bacterial pathogenesis model were major milestones, one main question remained: since 
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this study did not include genes that are essential for in vitro growth, will our Mobile-

CRISPRi system afford sufficient knockdown of in vitro essential genes to observe in vivo 

phenotypes without incurring in vitro fitness defects? In preliminary studies, dozens of 

Mobile-CRISPRi strains targeting in vitro essential genes were individually constructed 

using the three different constitutive promoters, and growth curves revealed very limited 

deviations from wildtype PA14 growth. Attempts to use qRT-PCR to assess the 

expression of the targeted genes were unsuccessful, and optimization of a reliable assay 

to robustly quantify each promoter-sgRNA pairing’s on-target efficacy would benefit 

further studies. Having demonstrated the success of our constitutive knockdown system 

in an in vivo model, we sought to investigate the vulnerabilities of all P. aeruginosa 

essential genes in the murine pneumonia model.   

Chapter 3 describes the construction of a pooled library of PA14 knockdown strains 

using Mobile-CRISPRi and its application in a murine pneumonia model towards 

uncovering in vivo gene vulnerabilities. We chose our library of 528 essential genes to 

target according to recent transposon sequencing studies carried out in multiple 

infection-related growth media. 4 sgRNAs were designed per gene and 1,000 non-

targeting sgRNAs were included as negative controls. Next-generation sequencing 

revealed that the final library represents knockdowns of 466 genes (88% of the genes 

targeted), where missing strains may be attributable to either a small technical 
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bottleneck in library construction or significant fitness defects conferred by gene 

knockdown.  

This library was used as inoculum to initiate a 24-hour murine pneumonia infection and 

an in vitro culture grown for 6 generations. We found that none of the strains exhibited 

significant fitness defects when grown in vitro—likely due to our constitutive knockdown 

method—implying that the fitness of the strains in the inoculum is at a “steady-state”. On 

the other hand, partial genetic depletion of a diverse set of 197 P. aeruginosa genes 

results in a fitness defect in a murine pneumonia model. We validate the most promising 

hit by showing that partial genetic inhibition of ispD in the isoprenoid biosynthesis 

pathway results in hypersensitization to host clearance of bacterial infection. 

Additionally, of the four P. aeruginosa essential genes found to be transcriptionally 

upregulated during human infections (lptG, lptH, pgsA, cysS), pgsA was the most 

confident hit in our genetic screen. We show that despite limited fitness consequences 

on growth in rich media, pgsA knockdown mutants demonstrate significant vulnerability 

to host clearance mechanisms in our murine pneumonia model.  

The genetic vulnerabilities presented in chapter 3 represent a novel paradigm for the 

prioritization of antibacterial targets that potentiate host immunity mechanisms. The 

Mobile-CRISPRi strains corresponding to these in vivo vulnerable genes can be used in a 

whole-cell target-based screening approach to find chemical matter that exhibits a 

synthetic lethality phenotype. Under this strategy, repression of the selected essential 
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gene and sub-MIC chemical inhibition of the same gene do not individually produce a 

noticeable fitness defect, however the combination of the two pressures significantly 

reduces fitness of the strain. Chemical inhibitors that elicit such a fitness defect in the 

knockdown strain but not in non-targeting negative control strains may specifically 

interact with the targeted gene. Such a screen would also select for chemical matter than 

can permeate the bacterial cell. As the antibiotic targets were prioritized on the basis of 

their in vivo vulnerability, chemical inhibitors that cause even mild fitness defects in the 

knockdown strains may be worth investigating in murine models of infection.  

While chemical inhibitors have been the lynchpin of antibacterial therapeutics since their 

inception in the 1940s, phage therapy has emerged as another promising modality to 

combat bacterial infections. The low rates of cross-resistance with antibiotics and the 

ample evidence for synergy between phage and antibiotics suggests that co-

administration of phage and antibiotics may have clinical utility in the treatment of multi-

drug resistant bacterial infections. One major limitation of phage therapy is their narrow 

spectrum of activity, even within each bacterial species. Strategies to expand their host 

range can be developed through understanding bacterial mechanisms that confer 

intrinsic resistance to phage. All known defense mechanisms involve non-essential 

bacterial genes, and the role of essential bacterial genes as protective factors against 

phage predation remains unexplored. The Mobile-CRISPRi library enables us to probe 
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PA14 essential gene vulnerabilities under various conditions, providing the opportunity to 

investigate essential host processes driving intrinsic phage resistance.  

Chapter 4 delineates a dual-pronged genetic and proteomic approach to identifying 

bacterial defense mechanisms against phage predation. The genetic screen utilizes the 

Mobile-CRISPRi library to selectively probe the involvement of PA14 essential genes as 

protective factors, whereas the proteomic screen represents an unbiased method of 

profiling protein interactions related to protection against phage predation. To bolster 

the sensitivity of these screens, we engineered a delicate equilibrium between phage and 

bacterial defenses using anti-CRISPR proteins and precisive CRISPR-targeting.  

Exposing the Mobile-CRISPRi library to various phages and collecting samples at multiple 

time points revealed genetic vulnerabilities. Examples of genes where knockdown led to 

some qualitative enhancement of DMS3mvir + AcrIF4 phage predation in PA14 include 

pyrC, lptH, lpxD, and, less robustly, etfA, and def. These may represent protective factors 

that mediate bacterial resistance to phage, though inconsistencies between solid and 

liquid bacterial growth and lack of generalizability to other phage families have been 

observed.  

Before conclusions can be made regarding the weak contributions of essential genes 

towards phage resistance, this screen should be repeated using only the P1 essential 

gene knockdown library (as was done in chapter 3 murine pneumonia experiment). The 
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genetic screen in chapter 4 utilized the combination of P1, P2, and P3- based Mobile-

CRISPRi libraries, and reducing the complexity of the library may enable higher 

reproducibility and sgRNA identification accuracy. The low significance scores from the 

genetic screen in chapter 4 compared to that of chapter 3 indicates that the performed 

screen was not robust, though several hits were ultimately validated. 

From the proteomic screen, several protein complexes were noted to change in 

abundance or interacting partners during PA14-5sp infection with DMS3mvir + AcrIF4 

phage. These proteins largely corresponded to non-essential genes, which could be 

probed with transposon mutants. In validating the role of these proteins during phage 

infection, we found that knockout of narJ and a LysR family transcriptional regulator 

PA14_10830 obstructs phage infection. These genes fall under the classification of 

sensitizing factors, as phage likely utilize those proteins to carry out a productive 

infection. We also found transposon mutants corresponding to trmH, xcpP, and algP to 

exhibit higher sensitivity to phage infection. A major barrier to analyzing the results from 

this screen was the lack of a bioinformatic tool to prioritize the significance of the 

changes in the protein interaction networks between the uninfected and infected 

conditions.  

It is notable that many outer membrane proteins described as phage receptors in Gram-

negative bacteria are also important for pathogen survival in hosts. Outer membrane 

proteins also represent favorable antibiotic targets, as cell permeability and efflux 
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susceptibility are moot. Exploring synergistic strategies to inhibit these outer membrane 

proteins while rendering the bacterial cell more vulnerable to host immunity and/or 

phage predation is a promising direction for future antibacterial development. 

Developing antibacterial agents that sensitize bacteria to other modes of killing (host 

immunity and clearance processes or phage-mediated lysis) by interfering with essential 

processes may overcome existing resistance mechanisms and toxicity issues. 

Establishing preclinical and clinical development pathways and resistance surveillance 

procedures for antibacterial agents with sensitization properties rather than traditional in 

vitro activity will be crucial for translating these innovations into drugs with clinical utility.  
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