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Abstract 
Antimicrobial resistance (AMR) in Gram-negative bacteria poses an urgent public health 

challenge. While traditional approaches have identified essential genes through complete 

disruption, understanding how partial loss of function affects bacterial survival has remained 

largely intractable. This thesis applies CRISPR interference (CRISPRi) technology to 

systematically examine essential gene function in Gram-negative pathogens, focusing on three 

areas: mapping essential gene vulnerabilities in Acinetobacter baumannii, characterizing host-

specific essential gene requirements in Pseudomonas aeruginosa, and comparing essential 

gene networks across Enterobacterales species. 

The systematic analysis identified essential genes and pathways that demonstrate acute 

sensitivity to knockdown, providing promising therapeutic targets. In A. baumannii, this work 

demonstrated genes and pathways that modulate β-lactam sensitivity, establishing an 

unexpected link between NADH dehydrogenase activity and polymyxin sensitivity. In P. 

aeruginosa, approaches to overcome infection bottlenecks identified 178 genes with increased 

vulnerability in the host environment. Comparative analysis of essential gene networks across 

Escherichia coli, Enterobacter cloacae, and Klebsiella pneumoniae characterized both shared 

vulnerabilities and species-specific differences in antibiotic response. 

These findings challenge binary classifications of gene essentiality and demonstrate that 

many promising drug targets may have been overlooked by structural approaches like 

transposon sequencing and gene deletion libraries. By enabling controlled knockdown rather 

than complete deletion, CRISPRi establishes fundamental patterns of bacterial adaptation and 

expands opportunities for therapeutic development. 
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Chapter 1. Introduction 
1. Background and Significance 
1.1. Public health impact and market failures in combating Gram-negative 
pathogens 

Antimicrobial resistance (AMR) has emerged as a major public health concern, with 

bacterial AMR directly causing 1.27 million deaths and contributing to 4.95 million deaths 

globally in 2019 (1). The Gram-negative ESKAPE pathogens (Enterobacter, Klebsiella, 

Acinetobacter, and Pseudomonas) pose particular clinical challenges due to their intrinsically 

low membrane permeability and multiple resistance mechanisms (2). In the United States, 

resistant infections add $20 billion in direct healthcare costs and approximately $35 billion in lost 

productivity annually (3), disproportionately affecting resource-constrained and rural hospitals 

that struggle to maintain effective infection control programs (4–7). 

The economics of antibiotic development has become increasingly unsustainable. Each 

new antibiotic costs over $1 billion to develop. Yet, annual revenues rarely exceed $100 million 

(8), due to the restrictive use of novel antibiotics creating an unintended market signals where 

medically necessary conservation appears as weak demand (9). Traditional small-molecule 

screening approaches have become stale, with no new antibiotic classes introduced between 

1962 and 2000 (10). The cell envelope architecture and resistance mechanisms of Gram-

negative bacteria have especially limited drug development progress (11). These pathogens 

present a particular challenge for traditional drug discovery methods, but functional genomics 

approaches offer a path to accelerate breakthroughs. High-throughput genetic screens enable 

systematic identification of both novel antibiotic targets and opportunities for repurposing 

existing drugs (12), helping to address the unique barriers Gram-negative bacterial physiology 

poses. 
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1.2. Genetic foundations for AMR in Gram-negative bacteria 

The bacterial cell envelope comprises the outer structures of the cell and serves as the 

first line of defense against noxious environmental compounds, including antibiotics. Gram-

negative bacteria are distinguished from other bacteria by their outer membrane (OM), which 

provides an additional layer of defense beyond the inner membrane (IM) and thin peptidoglycan 

cell wall (13). The lipid bilayer of the OM is asymmetrical, containing an inner leaflet of 

phospholipids on the inside, while the external surface is tightly packed with lipopolysaccharides 

in most Gram-negatives or lipooligosaccharide in A. baumannii (LPS/LOS) (14). The sugar 

moieties of LPS create a hydrophilic microenvironment on the cell surface that contributes to 

membrane stability through extensive hydrogen bonding and cation bridging between LPS 

molecules (15). This organized structure is exceptionally effective at reducing permeability, 

especially against hydrophobic compounds that can usually diffuse through more typical 

phospholipid bilayers (16). 

This intrinsic impermeability creates a challenge for antibiotic development; while Gram-

negative bacteria possess many promising intracellular drug targets [Figure 1], most 

compounds cannot reach these targets at therapeutically relevant concentrations. The barrier 

function of the OM is selectively permeable through porins that restrict passage to molecules 

smaller than approximately 600 Da in E. coli (17). This structural constraint leaves a few paths 

for antibiotic entry. While smaller molecules can pass through porins if they meet the 

physiochemical criteria for passage, larger antibiotics can either cross the LPS-phospholipid 

bilayer directly (11) or be transported across the outer membrane (18). For example, while 

rifampicin effectively inhibits bacterial RNA polymerase in vitro, its large size (822.9 Da) 

severely limits its utility against Gram-negative pathogens due to poor membrane penetration 

(19). This limited access to intracellular targets has contributed significantly to the dearth of new 
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antibiotics effective against Gram-negative infections. The outer membrane itself represents 

both a barrier and an important antibiotic target.  
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Figure 1: The Role of Essential Functions in Antibiotics 

Major antibiotic classes target essential cellular processes in bacteria (20), including cell wall synthesis 
(β-lactams, vancomycin), transcription (rifamycins), DNA synthesis (quinolones), protein translation 
(aminoglycosides, tetracyclines, lincosamides), metabolism (sulfonamides), and outer membrane integrity 
(polymyxins). The presence of the outer membrane in Gram-negative bacteria creates an additional 
barrier that many antibiotics must overcome to reach their targets. 
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At the core of LPS/LOS structure is lipid A, a conserved phospholipid that anchors 

LPS/LOS to the outer membrane. The lipid A component usually consists of a β-(1→6) 

glucosamine disaccharide backbone decorated with multiple fatty acid chains and phosphate 

groups, forming an amphipathic macromolecule contributing to the exceptional outer membrane 

stability of Gram-negative bacteria (21). The outer membrane provides a protective barrier 

against toxic compounds and serves as a critical load-bearing component sustaining turgor 

pressure (22), making this essential structure a vulnerability that certain antibiotics can exploit. 

Polymyxins (e.g., colistin), take advantage of this vulnerability by directly binding to lipid A, 

transforming the membrane from a protective barrier into a mechanism for cell death. These 

"last-resort" antibiotics are thought to kill cells through membrane disruption after binding to lipid 

A (23). A newly discovered class of antibiotics targets various aspects of outer membrane by 

trapping LOS in its Lpt membrane transporter (24). However, Gram-negative bacteria can 

sometimes survive even without these seemingly essential envelope components, as 

demonstrated by A. baumannii strains that strikingly remain viable after complete loss of LOS 

(25). Though our subsequent work demonstrated that this adaptation comes with significant 

fitness costs and altered susceptibility to other antibiotics (26). 

Bacteria possess intrinsic defense mechanisms beyond membrane barriers, including 

efflux pumps that actively expel antibiotics from the cell. For example, AbaF in A. baumannii 

specifically contributes to fosfomycin resistance (27). The AcrAB-TolC system in E. coli, 

spanning both inner and outer membranes, expels a wide range of antibiotics and is a key driver 

of multidrug resistance when upregulated (28). In P. aeruginosa, the MexAB-OprM system also 

expels diverse antibiotics but frequently exhibits increased expression following prolonged 

antibiotic exposure, further enhancing resistance under stress (29).  

Target enzymes can also develop resistance through mutations that prevent antibiotic 

binding, but these adaptations result in substantial losses in fitness. For example, rifampicin 
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works by binding to the β-subunit of RNA polymerase, blocking the RNA exit channel and 

preventing transcript elongation (30). Mutations that alter this binding site confer resistance but 

create collateral effects – the structural changes that prevent rifampicin binding also alter RNA 

polymerase's catalytic properties and reduce transcription fidelity (31). These adaptations often 

have pleiotropic effects beyond the antibiotic target enzyme. In P. aeruginosa, RNA polymerase 

mutations affect metabolic gene expression and alter peptidoglycan precursor levels, leading to 

unexpected changes in β-lactam susceptibility (i.e., collateral sensitivity (32)) and cell wall 

function (33). In Gram-positive organisms like MRSA (Methicillin-resistant Staphylococcus 

aureus), low-affinity PBP2a enables continued but compromised cell wall synthesis, where low-

affinity PBP2a enables continued but compromised cell wall synthesis (34), these adaptations 

frequently result in reductions in growth and fitness. These collateral fitness losses help explain 

why resistant mutations often revert when antibiotics are removed; the metabolic cost of 

maintaining resistance outweighs its benefit in antibiotic-free environments (35). 

In addition to spontaneous adaptations, Gram-negative bacteria frequently use more 

efficient strategies to acquire resistance. Horizontal gene transfer (HGT) has also transformed 

environmental bacteria into formidable pathogens (36). Originally an antibiotic-susceptible 

organism, A. baumannii has emerged as a major clinical threat through its exceptional 

competence to uptake DNA and ability to maintain resistance genes (37). Natural competence 

enables uptake of resistance islands (i.e., large genomic regions) exceeding 40kb, possessing 

many resistance genes (38). Mobile genetic elements facilitate the spread of these genes 

throughout populations (39). One notable example is the acquisition of class D OXA β-

lactamases, which spreads on plasmids between strains and has become endemic in 

healthcare settings (40). Beyond antibiotic resistance, A. baumannii possesses persistence 

traits including desiccation resistance, biofilm formation, and micronutrient acquisition systems 

(41). This rapid evolution through HGT characterizes Gram-negative ESKAPE pathogens, 
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where similar mechanisms of DNA uptake, resistance, and persistence have created highly 

adaptable organisms that present an urgent challenge for antimicrobial therapy. 

1.3. Conservation of essential genes and orthology 

Essential genes represent the minimal genetic requirements for bacterial survival, 

forming the foundation of cellular life, and as such make excellent direct targets for antibiotics 

(42, 43). Strong purifying selection maintains essential gene sequences across bacterial 

species, even as horizontal gene transfer can rapidly reshape bacterial genomes (44). This 

evolutionary constraint appears in genes involved in cellular processes where syntenic blocks 

and sequence homology reflect their essential functions (45, 46). However, this pressure may 

not be consistent across all essential genes. For example, purifying selection on informational 

proteins (i.e., involved in transcription, translation, and replication) appears to be influenced by 

lineage-specific pressures, reducing exchange across species (47). Selection on metabolic 

proteins appears more uniform, allowing broader functional compatibility, which enables 

horizontal transfer between bacterial genomes (46). 

Sequence-level conservation and protein domain architecture help predict gene function, 

but predictions become less reliable as evolutionary distance and substitution rates increase 

between bacterial species and can vary by cellular process (48). Genomic topology also shapes 

the roles of essential genes in cellular processes by influencing their interactions with other 

genes (49). Essential genes often co-occur with functionally related genes in operons, either to 

form proteins for well-defined, static complexes or to participate in linear metabolic and 

regulatory pathways (50, 51). Comparing genomes as "bags of genes" (52) — measuring 

shared orthologs—misses important organizational features, particularly co-functional partners 

that may be distant on the genome or entirely absent in certain species (53). The functional 

interdependence of these genes, such as their need to form complexes or act sequentially 
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within pathways, helps explain why certain genes show essential phenotypes that orthology 

alone cannot predict (51). 

2. Methodological Overview 
2.1. Approaches to study gene function in bacteria 

Antibiotic function relies on targeting essential bacterial genes, but how antibiotics 

interact with genes remains poorly resolved for many pathogens. Despite exponential growth in 

genome sequencing since the early 2000s (54), much of the bacterial proteome lacks detailed 

annotations. In E. coli K-12, one of the best-characterized model organisms, functional roles for 

20–30% of proteins remain undefined, and annotations often rely on broad, generalized terms 

like "ATPase" or "transporter" (55, 56). Current annotations of bacterial genes vary widely in 

their specificity and utility, from broad classifications to more detailed functions (57). 

Computational approaches using orthology have helped assign these basic functional 

categories to many genes (58), yet annotations often lack the specificity needed to define their 

roles in antibiotic resistance and pathogenesis. This challenge is problematic for emerging 

pathogens, where gene functions may have diverged significantly from well-studied model 

organisms. 

Systematic genetic approaches (i.e., functional genomics) augment computational 

predictions relying heavily on assumptions and single-gene studies (59). Unlike conventional 

genetic methods that examine genes individually, functional genomics measures phenotypes of 

all genes being queried or perturbed under a given condition. This approach moves beyond 

broad functional classifications to provide direct measurements of gene function in the context 

of the organism of interest. Because most phenotypes lie on a continuum (e.g., growth rates) 

rather than existing as a binary, functional genomics captures the full distribution of phenotypic 

diversity by measuring how each strain responds to different conditions, or in the case of 

vulnerability studies, by comparing across strains (60). Furthermore, systematic approaches can 
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reveal emergent properties within cellular systems, especially where unexpected pathways, 

including complex metabolic processes, may not directly involve specific AMR genes but still 

contribute to antibiotic resistance in ways not yet fully understood (61). Identifying emergent 

patterns of gene fitness phenotypes across various conditions also provides stronger evidence 

for functional relationships between genes than any single phenotype alone (62). 

Systematic gene function characterization in bacteria depends on our capacity to link 

genetic differences to quantifiable phenotypes. Historically, generating null alleles or deleting 

individual genes has been the basis for functional studies in microbiology (63). Modern 

molecular genetic tools, such as recombineering systems, ready-to-order oligonucleotides and 

access to comprehensive genomic data have streamlined the creation of precise genetic 

mutations in bacteria (64). Building on these gene-by-gene deletion studies, the Keio Collection 

in E. coli K-12 is a landmark example using these approaches, where researchers 

systematically truncated each non-essential gene and replaced it with a kanamycin resistance 

cassette (65). However, since each mutation is a constructed through precise molecular steps, 

scaling this approach even across a relatively small bacterial genome of ~4000 genes is an 

immense technical undertaking that requires substantial effort and resources to implement 

systematically (66). 

Pooled strategies like transposon sequencing (Tn-seq) address the limitations of scaling 

single-gene knockouts by enabling genome-wide mutagenesis in a single step (67). In this 

method, drug resistance cassettes flanked by inverted repeats are cloned alongside a 

hyperactive transposase into a plasmid and conjugated into a population of cells. The 

transposase excises the cassette and integrates it randomly throughout the host genome, 

though with sequence preferences characteristic of each transposase family. This integration 

disrupts gene function and simultaneously confers antibiotic resistance [Figure 2], allowing only 

cells containing the randomly inserted marker to survive. The random nature of integration 
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ensures broad, unbiased genome coverage (68). Since its introduction in 2009, Tn-seq has 

become the backbone of bacterial high-throughput functional genomics (67). Essential genes 

are identified by statistical analysis of insertion density across the genome, in which regions with 

significantly fewer insertions than expected by chance represent genes required for survival 

under the tested condition (68–70). 
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Figure 2: Identification of Essential Genes Using Transposon Mutagenesis 

Plasmids with Tn5 expression and a cassette containing an antibiotic resistance marker are introduced 
into a population of cells. The Tn5 transposase excises the resistance marker and inserts it into random 
locations within the host genome, disrupting bacterial genes. Because insertions into essential genes are 
lethal, such mutants are never recovered. Transformed cells are grown on selective media where only 
those containing viable insertions survive, allowing essential genes to be identified by their lack of 
insertions in the surviving population. 
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However, Tn-seq has important limitations. Low-density libraries can leave large 

stretches of DNA without an insert, even when these regions do not contain essential features. 

More fundamentally, the binary nature of Tn-seq—complete disruption or no effect—hinders its 

ability to study bacterial physiology. While essential genes can be identified by their absence in 

Tn-seq datasets, these genes provide no measurable fitness differences between conditions 

since mutants in these regions are non-viable, with some exceptions (71, 72). Additionally, the 

permanent nature of transposon insertions prevents analysis of dynamic or condition-dependent 

phenotypes. Another challenge arises from the strong promoters within transposon resistance 

cassettes, which can drive expression of downstream genes and complicate experimental 

interpretation—although this effect has been deliberately exploited to study overexpression 

phenotypes (73). 

CRISPR interference (CRISPRi) addresses these limitations by providing a 

programmable and scalable approach to gene knockdown rather than knockout. Unlike Tn-seq, 

which functions as a purely forward genetics tool, CRISPRi allows for targeted (74), tunable (75) 

suppression of gene expression, making it ideal for studying essential genes and condition-

dependent phenotypes. CRISPRi uses a catalytically inactive Cas9 nuclease (dCas9) and a 

fusion of crRNA and tracrRNA into a single guide RNA (sgRNA) (76) to silence gene expression 

[Figure 3]. The first 20 nucleotides of the sgRNA, known as the spacer, direct dCas9 to a 

complementary sequence in target genes (protospacer) with an adjacent PAM (Protospacer 

Adjacent Motif). Once bound, dCas9 physically blocks either RNA polymerase (RNAP) 

association with promoter DNA or RNAP elongation throughout the gene body (74), depending 

on the protospacer location. By offering reversible and gradable control over gene expression, 

CRISPRi enables nuanced analysis of gene function in ways that Tn-seq cannot. 
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Figure 3: Mechanism of CRISPRi Gene Knockdown 

The catalytically dead Cas9 (dCas9, containing RuvC[D10A] and HNH[H840A] mutations, which jointly 
confer enzyme inactivation) complexed with a single-guide RNA (sgRNA) binds to complementary DNA 
sequences containing a PAM (Protospacer Adjacent Motif). When targeted to the non-template strand, 
the dCas9-sgRNA complex physically impedes RNA polymerase (RNAP) elongation, resulting in 
transcriptional interference. 
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2.2. High-throughput functional genomics  

High-throughput functional genomics has revolutionized the study of bacterial genes at 

scale. Approaches using barcoded libraries—including pooled deletion (77), Tn-seq (68), or 

CRISPRi, (78) – enable simultaneous measurement of thousands of strains in a single 

experiment. In contemporary functional genomics libraries, each strain carries a unique DNA 

identifier, or barcode, which allows systematic tracking of strain abundance in complex 

populations through genomic DNA sequencing. Barcodes differ depending on the method: 

deletion junctions in knockout mutants, transposon-genome junctions in Tn-seq libraries, or 

sgRNA sequences in CRISPRi cassettes. This scalability helps identify genes that are essential 

or advantageous under specific conditions [Figure 4]. 

The experimental design considerations for high-throughput screens vary between 

methods. CRISPRi offers precise control over library composition, allowing researchers to 

define both the scope (which genes to target) and resolution (how many guides per gene). 

However, successful CRISPRi screens require an annotated genome for guide design (79), and 

attention to other technical parameters that affect sensitivity [Table 1]. For instance, antibiotic 

screens in 384-well plates must balance library diversity against culture volume constraints (i.e., 

carrying capacity), as both factors affect the detection of drug-gene interactions (80).  
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Figure 4: Quantitative Fitness Using DNA Barcoding 

Genomic DNA is extracted from a pooled population where each strain contains a unique identifying 
sequence: either an engineered barcode or a strain-specific integration site, such as in Tn-seq. Through 
amplicon sequencing of these regions, the relative abundance of each strain is measured across n 
different samples or conditions. This approach is compatible with various genetic perturbation libraries, 
including gene deletions, CRISPR interference/activation, and randomly generated libraries where the 
perturbation site itself serves as an identifier. The resulting count matrix enables calculation of both 
conditional fitness (comparing a strain's abundance across conditions) and relative gene fitness 
(comparing different strains within a condition). Darker shading in the count summary indicates higher 
relative abundance of a particular strain. 
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Table 1: Potential Pitfalls in CRISPRi Library Design 

Genomic Feature gRNA Design Challenge Pitfall Explanation 
Genes of unknown 
function and unannotated 
regions 

Absence of functional 
annotation hampers gRNA 
design. 

Interference with unknown function 
genes may yield uninterpretable or 
misleading phenotypic outcomes (81). 

Origin of replication Targeting oriC arrests 
replication and regulatory 
protein binding. 

Disruption can interfere with the DNA 
replication, complicating interpretation 
of the rest of the library (82). 

GC content Regions with extreme GC 
content can reduce uniqueness 
and alter binding affinity. 

A non-representative GC content can 
skew binding efficiency, leading to 
variable knockdown effectiveness or 
off-target interactions (83). 

Regulatory elements  
(e.g., promoters and 
terminators) 

Regulatory elements can share 
nucleotide sequences, making 
them challenging to uniquely 
target.  

Non-specific guide binding or drastic 
alterations of cellular expression 
profiles can result in data that is 
difficult to interpret (84). 

Transcription unit Targeting operons risks polarity 
(multi-gene perturbation) due to 
polycistronic mRNA structures. 

gRNAs may affect adjacent genes 
within an operon, making it 
challenging to ascribe observed 
effects to the knockdown of a single 
gene (76). 

Overlapping genes Segments of DNA shared 
between multiple genes cannot 
be targeted individually. 

Attributing phenotypes to a single 
gene may not be possible if guides 
target a common genomic region 
containing multiple genes (85). 

Essential genes Reduction of expression may 
be lethal to cells. Sub-maximal 
knockdown in expression is 
likely required. 
(e.g., mismatched guides) 

Identifying interactions between gene 
knockdown and chemical 
perturbations may not be possible 
with extreme phenotypic 
consequences (86). 
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2.3. CRISPRi technology and application in bacterial genetics research 
 

CRISPRi has become a versatile tool for studying diverse bacterial genomes, for 

example through Mobile-CRISPRi—a suite of integrating vectors that enables stable 

chromosomal expression across a wide range of bacterial species (87, 88). Unlike eukaryotic 

CRISPRi systems that depend on fused silencing domains (89), bacterial implementations 

achieve robust repression through direct dCas9-sgRNA binding to DNA (74, 87). This 

mechanism enables targeted genetic analysis but imposes limitations that impact its application. 

For example, dCas9 binding can block DnaA-mediated DNA unwinding at the origin of 

replication without generally interfering with DNA replication elsewhere, which doubles as a tool 

for studying DNA-protein interactions (82). However, transcriptional repression can exhibit polar 

effects, silencing entire operons (74), and in some bacteria, "reverse polarity" has been 

observed, where targeting downstream genes reduces upstream expression, with severity 

varying by species (76, 90–92).  

Because CRISPRi works through transcriptional repression rather than DNA disruption, 

protein levels decrease gradually through dilution during growth (93). In screens, the strength of 

selective pressure must be carefully tuned – too weak, and subtle phenotypes may be missed – 

too strong, and only the most extreme outliers will be detected. While inducible promoters 

provide temporal control over dCas9 expression, constitutive promoters have proven valuable 

for infection studies where maintaining inducer concentrations is impractical (e.g., due to 

delivery of inducer inside a host (94)). Additionally, high-level expression of system components 

can lead to toxicity, either from dCas9 accumulation (95–97) or "bad seed" sgRNAs that broadly 

off-target multiple genes (91, 98). When targeting essential genes, selective pressure frequently 

drives suppressor mutations that inactivate the CRISPRi system, enabling escape mutants to 

outcompete the intended knockdown strain (99).  
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Mobile-CRISPRi implementations overcome some of these challenges through Tn7-

mediated site-specific integration downstream of the essential glmS gene in Gram-negative 

bacteria, eliminating the need for antibiotic selection to maintain the CRISPRi system (88). 

While this strategy is typically benign, it has occasionally been shown to produce organism- and 

condition-specific effects, such as in Agrobacterium tumefaciens (100). For essential genes, 

additional strategies—such as sgRNA truncations or mismatches—are used to generate 

predictable reductions in knockdown efficiency [Figure 5], avoiding lethal repression (86, 101, 

102). These approaches alongside including non-targeting control guides serve as internal 

standards, facilitate quantifying strain-level fitness and (86) population-level metrics (e.g., 

bottlenecks, (103)). 
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Figure 5: Guide RNA Design Strategies to Tune Knockdown 

(A) Perfect match guides bind tightly to the genomic target preventing the initiation or progression of 
transcription of RNA Polymerase. (B) Mismatch guides have intentionally weaker, but predictable binding 
affinities for their genomic target, stochastically dissociating and occasionally allowing RNA Polymerase 
to progress resulting in some gene expression. (C) Non-targeting guides have no anticipated effect on 
gene expression.  
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2.4. CRISPRi applications to study AMR in bacteria 

Antibiotic resistance demands more effective therapeutic strategies. CRISPRi screens 

reveal how antibiotics can be optimized through systematic gene perturbation - compounds that 

hit multiple pathways, like SCH-79797's dual targeting of folate metabolism and membrane 

integrity, show remarkably low resistance frequencies (104). This principle has guided new 

therapeutic approaches in A. baumannii, where machine learning identified membrane protein 

inhibitors effective both alone and in combination treatments (105). CRISPRi screening showed 

these combination effects emerge from specific genetic interactions – strains with reduced 

expression of an antibiotic's target show severe growth defects, while a second antibiotic can 

create a synergistic effect when its target lies in the same pathway as the first (106). This 

genetic interaction principle led to identifying synergistic targets, like the complementary roles of 

cell wall synthesis and cell division machinery (107). These fitness-based screens provide a 

systematic foundation for identifying effective drug combinations, even when their precise 

molecular mechanisms remain unclear. 

CRISPRi can aid in identifying antibacterial targets and pathogen vulnerabilities for 

antibiotic development [Figure 6]. Antibiotics target essential cellular processes, but essential 

gene function in antibiotic-resistant bacteria remains understudied, limiting drug discovery. 

These screens are especially useful at defining the cellular roles of essential genes as potential 

drug targets due to the temporal and titratable components of the system. 
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Figure 6: Medical Applications of Chemical Genomics with CRISPRi 

This schematic illustrates the process of using CRISPRi libraries to identify antimicrobial or toxin targets, 
revealing chemical-gene fitness patterns through computational analyses. Identified targets, such as gene 
products or pathways directly inhibited by the antimicrobial, can be used in basic research or further 
developed for therapeutic or bioproduct applications. Adapted from original artwork by Bill Heelan (93).  
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CRISPRi has proven useful to identify vulnerabilities that can be exploited to develop 

narrow-spectrum antibiotics, which could minimize the widespread killing caused by broad-

spectrum drugs that further contribute to AMR (108). For example, in Streptococcus 

pneumoniae, Tn-seq and CRISPRi identified tarP and tarQ in teichoic acid biosynthesis as 

potential drug targets (109). In Acinetobacter baumannii and Vibrio cholerae, CRISPRi screens 

helped identify weaknesses in processes such as cell division and lipoprotein transport (110, 

111). Multiplexed CRISPRi screens have addressed redundant or essential pathways 

overlooked by traditional knockouts. In Legionella pneumophila, repression of effector genes 

clarified their roles in pathogenesis (112–116). Similarly, genome-wide CRISPRi libraries have 

identified mechanisms of antibiotic vulnerability and resistance in pathogens like Mycobacterium 

tuberculosis, including cell wall and protein folding pathways as drug targets (60, 117). These 

results show how CRISPRi can address drug-resistant tuberculosis, where treatment options 

remain limited (118). Beyond antibiotic resistance, CRISPRi has provided insights into bacterial 

gene function during infection. In Pseudomonas aeruginosa and Streptococcus pneumoniae, 

CRISPRi applied in animal models identified infection-related genes while addressing 

challenges such as suppressor mutations and bottleneck effects (94, 99, 103, 119). 

3. Computational approaches for essential gene analysis 
3.1. Comparative functional frameworks for experimental design 

Functional genomics screens integrate multiple computational approaches for design 

and analysis. Hawkins et al. utilized GFP as a species-neutral indicator to quantify gene 

expression reductions by constructing 30,000 mismatch sgRNAs targeting GFP in B. subtilis 

and E. coli. Their approach used FACS and binning to identify sequences with reduced 

fluorescence and efficacy (86). The identification of consistent guide RNA design rules between 

organisms separated by over 1.5 billion years of evolution—even before plants and animals split 

(120)—suggested these principles would extend to pathogenic bacteria. These machine 
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learning models predict guide RNA efficacy based on sequence features, allowing design of 

CRISPRi libraries with controlled repression levels, which is required to study essential genes, 

where complete knockdown causes lethality. 

To map essential genes across species, we integrated orthology detection through 

OrthoFinder (121) with protein interaction networks from STRING-DB (122). This analysis 

identified both direct sequence conservation and functional pathway conservation, revealing 

conserved essential gene modules across A. baumannii strains 19606, 17978, and AB5075, 

while extending predictions to E. cloacae and K. pneumoniae. Anchoring the analysis to 

experimentally validated essential genes in E. coli K-12 strengthened functional assignments for 

poorly annotated species. 

Genomic organization analysis through Mauve alignments identified (123) conserved 

gene blocks and operons across strains, showing how genomic architecture affects essential 

gene evolution. This analysis uncovered strain-specific elements like prophages that modulate 

gene function. For example, synteny analysis revealed the prophage context of GO593_00515, 

explaining its conditional essentiality. The integration of guide RNA design predictions, orthology 

mapping, protein networks, and synteny analysis established a framework for both library 

design and phenotype interpretation. 

3.2. Barcode quantification from sequencing data 

Quantifying guide RNA barcodes in sequencing data is increasingly complex as library 

size grows, particularly in mismatch CRISPRi experiments where both perfect matches and 

mismatches introduce variability in repression levels. Despite its importance, barcode 

quantification is often oversimplified in published methods. Some approaches rely on aligners 

like Bowtie2 (103), which are not sensitive to single-nucleotide mismatches, or scripts that have 

hard-coded junctions or positions (86), making them difficult to reuse between experiments. 
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Additionally, tools like FASTQC (124), while useful for general quality control (125), fail to 

assess whether sequencing data sufficiently captures the diversity of the library. Thus, we use 

heuristic-based approaches (126) to locate barcodes within sequencing reads and ensure 

library complexity can provide the complexity needed to make meaningful quantifiable 

inferences in downstream analyses. This method first identifies the offset (𝑜∗), at the position 

where barcodes most consistently align across reads. This is determined by maximizing the 

total alignment score:𝑜∗ = argmax
"
∑ Valid(𝑅# , 𝑜)	$
#%& ∙ 𝕀(𝐷 > 	 𝜏') 

where 𝑜 is a candidate position in the read, Valid(𝑅# , 𝑜) evaluates whether read 𝑅# contains a 

valid barcode at position, 𝐷 is barcode diversity, which is assess as: 

𝐷 =	
𝑈𝑛𝑖𝑞𝑢𝑒	𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝐵𝑎𝑟𝑐𝑜𝑑𝑒𝑠	𝑎𝑡	𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑜∗

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑	𝐵𝑎𝑟𝑐𝑜𝑑𝑒𝑠
 

where 𝕀(𝐷 > 	 𝜏') evaluates to 1 when 𝜏' is a threshold that dynamically adjusts based on library 

size and complexity. If diversity falls below this metric, or if 𝑜∗ cannot be reliably determined, the 

dataset is excluded from further analysis.  

3.3. Effective population estimates 

Population bottlenecks reduce strain diversity and limit the statistical power of functional 

genomics screens (103, 127). Host immune responses and nutrient limitations create severe 

population constraints during infection. Even in 2014, bottleneck measurements in 

Streptococcus pneumoniae relied on tracking just three naturally occurring TIGR4 variants 

(128), while modern pooled screening approaches using thousands of barcoded strains now 

enable precise measurement of population dynamics during infection (103). To address this, we 

adapted equations from Krimbas and Tsakas (129), originally developed for estimating effective 

population size (𝑁(), and applied the concept of bottleneck size (𝑁)), as introduced in the 

Sequence Tag–based Analysis of Microbial Populations (STAMP, (130)).  



 
26 

The non-targeting sgRNA frequency variance (𝐹M) is calculated as: 

𝐹M =
1
𝑘
P

(𝑓#,+ − 𝑓#,,)-

𝑓#,"(1 − 𝑓#,,)

.

#%&

 

where 𝑘 is the total number of sgRNAs, 𝑓#," is the frequency of sgRNA 𝑖 at time 0, and 𝑓#,+ is the 

frequency of that sgRNA at timepoint 𝑠. Using this variance, we use 𝑁) to estimate 𝑁( as: 

𝑁( ≈ 𝑁) =
𝑔

𝐹M − 1
𝑆,
− 1
𝑆+

 

where g is the average number of generations based on doublings, and 𝑆, and 𝑆+ represent the 

sample sizes to calculate the sgRNA population composition (130). 

Like STAMP, which uses separate molecular barcodes, we utilized 1,000 non-targeting 

sgRNAs as neutral markers built into the CRISPRi framework itself. These markers provided a 

baseline for tracking population diversity across timepoints in an experiment, enabling us to 

monitor and ensure that bottlenecks did not collapse diversity, which would otherwise render 

targeting sgRNA data unreliable. This approach is particularly useful in host-pathogen studies, 

where infection dynamics impose severe population constraints. Non-targeting sgRNAs 

represented the best-case scenario for maintaining strain diversity, allowing us to differentiate 

true selective pressures from stochastic loss when analyzing fitness effects of guides targeting 

essential genes. 

3.4. Modeling non-linear knockdown-response relationships 

Current methods for analyzing essential gene function quantify how bacterial populations 

change when gene expression is reduced. While RNA-seq analysis tools like edgeR can track 

the depletion of CRISPRi guide RNAs from a population over time (measuring the rate at which 

strains expressing specific guides are lost from mixed populations), these linear models fail to 
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capture non-linear relationships between gene expression and cellular fitness. Studies in 

Saccharomyces cerevisiae demonstrated that each genes exhibit distinct expression-fitness 

profiles, where some trigger cell death with minimal reduction in expression, yet others maintain 

cellular function until expression drops below specific thresholds (131). These gene-specific 

sensitivities and thresholds for inhibition help identify promising antibiotic targets by revealing 

which genes cannot tolerate even modest reductions in activity. 

Essential gene knockdowns often exhibit non-linear phenotypes that cannot be captured 

by simple models. Hawkins, et al (86) designed a massive CRISPRi library of over 300,000 

guides targeting GFP in both B. subtilis and E. coli. By coupling FACS with machine learning, 

this work established how single-nucleotide sequence variations influenced guide efficacy and 

provided the first quantitative expression-fitness relationships. Otto, et al. (132) employed 

mismatch CRISPRi in E. coli to titrate gene expression, using double-knockdown libraries and 

RT-qPCR to measure repression levels and fit dose-response curves to quantitatively describe 

and predict how gene repression differentially impacts the fitness of genes. This approach forms 

a useful basis for assigning numerical scores to genes that moves beyond the traditional binary 

classification of "essential". Bosch, et al. (60) extended these principles to M. tuberculosis and 

M. smegmatis, specifically introducing the term "vulnerability" to describe sigmoidal 

relationships between gene repression and fitness. This concept, analogous to the 

enzymological EC50, quantified the effective repression required to achieve a 50-percent change 

in fitness. 

Several gene knockdowns in our antibiotic screens defied standard dose-response 

modeling, particularly in A. baumannii (26). Partial knockdown of glnS enhanced bacterial 

survival up to 4-fold compared to wild-type cells in the presence of imipenem, while knockdown 

of nuoB showed similar enhancement with rifampicin treatment. However, stronger repression 

of these same genes ultimately killed the cells. These responses differed not only in magnitude 



 
28 

but also changed sign as gene repression increased, exhibiting a biphasic pattern [Figure 7]. 

Hormetic behavior, where partial gene repression paradoxically increases bacterial fitness in 

antibiotic conditions, required more sophisticated modeling approaches. We adapted the Brain-

Cousens equation, a variation on the logistic model originally developed to describe low-dose 

stimulation effects in plant herbicide studies (133). By incorporating both stimulatory and 

inhibitory parameters, this model captures the transition from enhanced growth at low 

knockdown levels to complete growth inhibition at high knockdown levels, quantified through the 

hormesis coefficient and EC50-like EK50 values (134).  
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Figure 7: Knockdown-Response Relationships Between Gene Repression and 
Antibiotic Sensitivity 

(A) Monophasic response showing continuous fitness decline with increasing knockdown, which fits 
standard logistic models including the Brain-Cousens Reduced Model. (B) Hormetic (biphasic) response 
where initial gene repression paradoxically increases fitness relative to wild-type before transitioning to 
declining fitness at higher knockdown levels. Model selection between monotonic and hormetic fits relies 
on likelihood ratio testing, which accounts for the additional hormesis parameter against the loss of a 
degree of freedom. 
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To model this behavior, we use both a full Brain-Cousens model (BC-full), which 

includes the hormesis parameter (𝑓), and a “reduced” logistic model (BC-reduced), which 

simplifies the curve by excluding 𝑓. The general Brain-Cousens equation is given by: 

𝑓(𝑥, 𝑏, 𝑑, 𝑒, 𝑓) = 𝑐 +	
𝑑 − 𝑐 + 𝑓 ∙ 𝑥

1 + exp(b ∙ log(𝑥) − log(𝑒))
 

Here, 𝑥 is the dose (i.e., independent variable), 𝑏 is the slope inflection point, 𝑐 is lower 

asymptote (i.e., lowest fitness), 𝑑 is the upper asymptote (i.e., highest fitness), 𝑒 is 𝑒𝑘/, (i.e., 

half-maximal fitness response to gene knockdown), and 𝑓 is the hormesis term. Genes were 

classified as exhibiting hormetic behavior if the BC-full model provided a significantly better fit 

than the BC-reduced model, as determined by a likelihood ratio test (𝑝012 ≤ 0.05) (135). This 

framework provides a systematic approach for quantifying non-linear dose-response 

relationships during essential gene knockdowns while being treated with antibiotics. 
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4. Research Gaps and Objectives 
4.1. Thesis Objectives 

A fundamental challenge in bacterial genetics has been studying essential genes - those 

absolutely required for bacterial survival. While transposon sequencing can identify essential 

genes through regions that cannot tolerate disruption (67–70), understanding how partial loss of 

essential gene function affects bacterial survival has remained largely intractable. The 

development of CRISPRi technology represented a breakthrough by enabling controlled 

reduction of essential gene expression without causing cell death (74, 76). This thesis applies 

and extends CRISPRi technology to systematically examine essential gene function in Gram-

negative pathogens, an approach few laboratories have successfully implemented. The work 

specifically aims to: 

1. Map essential gene vulnerabilities in A. baumannii using a tunable CRISPRi system, with 

special emphasis on genes that alter susceptibility to last-resort antibiotics like carbapenems 

and polymyxins. 

2. Characterize how essential gene requirements change in P. aeruginosa during host 

infection while overcoming traditional bottleneck limitations that have hindered in vivo study. 

3. Compare essential gene networks across Enterobacterales to identify both shared 

vulnerabilities and species-specific differences that could inform therapeutic strategies. 

This research directly addresses technical limitations that have hindered essential gene study in 

pathogens. By enabling controlled knockdown rather than complete deletion, CRISPRi allows 

examination of genes where null mutations are lethal (88). The comparative approach across 

species reveals how essential pathways have evolved in different bacterial lineages. 
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4.2. Hypothesis and Research Questions 

We hypothesize that essential genes differ in their sensitivity to partial depletion, and 

that identifying these "vulnerable" genes through CRISPRi will reveal promising therapeutic 

targets. Further, we predict that comparing depletion phenotypes across multiple pathogens will 

uncover both conserved vulnerabilities that could serve as broad-spectrum targets and species-

specific sensitivities that explain differences in antibiotic susceptibility. 

To test these hypotheses, we address several key questions: First, we examine which 

essential genes show heightened sensitivity to partial knockdown, as these may represent the 

most promising therapeutic targets. Second, we investigate how the host environment reshapes 

essential gene requirements during infection, as in vitro studies may miss critical vulnerabilities. 

Third, we explore how genetic factors enhance or suppress antibiotic activity across bacterial 

species, potentially revealing new combination therapy strategies. Finally, we assess whether 

species-specific differences in essential gene networks can explain variations in antibiotic 

susceptibility, providing insight into why certain species show intrinsic resistance to specific drug 

classes. 

4.3. Subsequent Chapters 

This thesis presents three major studies that systematically address these questions. 

Chapter 2 describes our CRISPRi library targeting 400 essential genes in A. baumannii. Our 

screens linked NADH dehydrogenase activity to polymyxin tolerance and mapped how essential 

gene knockdown reshapes antibiotic susceptibility. We found an unexpected pattern where 

moderate repression of certain genes increased antibiotic resistance while complete repression 

killed cells - the first demonstration of hormesis in this context. 

Chapter 3 tackles the technical challenge of studying essential genes during infection. 

By engineering a P. aeruginosa CRISPRi library with 1,000 control guides, we developed tools 
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to track library bottlenecks during lung infection. The screens revealed metabolic and envelope 

maintenance genes required specifically in the host environment. Two hits stood out: 

knockdown of ispD or pgsA crippled virulence despite minimal effects on growth in culture, 

validating our approach for finding infection-specific vulnerabilities. 

Chapter 4 compares essential gene networks across three Enterobacterales species: E. 

coli, E. cloacae, and K. pneumoniae. While some pathways like cell envelope synthesis showed 

similar phenotypes, others varied dramatically between species. The Tol-Pal system exemplified 

this variation – essential in E. coli but dispensable in K. pneumoniae during carbapenem 

treatment. Such species-specific differences highlight a key barrier to broad-spectrum drug 

development. 

Chapter 5 outlines key future directions building on the discoveries from our 

Enterobacterales screens. We propose detailed studies of the RNA chaperone proQ, whose 

knockdown dramatically altered antibiotic sensitivity in species-specific ways. To connect our 

experimental findings to clinical relevance, we will analyze bacterial genome databases like 

PATRIC and BacWGSTdb, searching for natural variants that mirror the hypomorphic 

phenotypes we generated through CRISPRi. This database mining will determine whether 

similar mutations emerge under antibiotic pressure in clinical settings. We also describe planned 

mechanistic studies of essential genes showing species-specific phenotypes, focusing on how 

bacteria maintain critical cellular processes when these genes are perturbed. These follow-up 

experiments aim to define the molecular basis for the varying antibiotic responses we observed 

between related bacterial species. Finally, we discuss broader applications of our CRISPRi 

screening approach for studying essential gene networks in other bacterial pathogens. 
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Chapter 2. Essential Gene Knockdowns Reveal Genetic 
Vulnerabilities and Antibiotic Sensitivities in Acinetobacter 
baumannii 
A version of this chapter has been published (26). 

1. Authors 

Ryan D. Ward, Jennifer S. Tran, Amy B. Banta, Emily E. Bacon, Warren E. Rose, and  

Jason M. Peters 

2. Contributions 

RDW conducted orthology-based gene selection analyses, developed quantitative frameworks for strain 
abundance measurements, fitness calculations, pathway enrichment, and drug-gene interaction 
modeling. RDW executed synergy experiments, selected candidate genes for validation, and generated 
data visualizations, excluding prophage and membrane analyses. 

JST established Mobile-CRISPRi protocols in A. baumannii, characterized prophage regulation through 
growth and expression studies, measured NAD+/NADH ratios, and prepared associated figures. 

ABB generated the CRISPRi strain library and performed competition-based fitness measurements and 
minimum inhibitory concentration determinations. 

JMP characterized the novel dCas9 promoter sequence, conducted membrane potential analyses, and 
prepared the manuscript. 
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3. Abstract 

The emergence of multidrug-resistant Gram-negative bacteria underscores the need to 

define genetic vulnerabilities that can be therapeutically exploited. The Gram-negative 

pathogen, Acinetobacter baumannii, is considered an urgent threat due to its propensity to 

evade antibiotic treatments. Essential cellular processes are the target of existing antibiotics and 

a likely source of new vulnerabilities. Although A. baumannii essential genes have been 

identified by transposon sequencing (Tn-seq), they have not been prioritized by sensitivity to 

knockdown or antibiotics. Here, we take a systems biology approach to comprehensively 

characterize A. baumannii essential genes using CRISPR interference (CRISPRi). We show 

that certain essential genes and pathways are acutely sensitive to knockdown, providing a set of 

vulnerable targets for future therapeutic investigation. Screening our CRISPRi library against 

last-resort antibiotics uncovered genes and pathways that modulate β-lactam sensitivity, an 

unexpected link between NADH dehydrogenase activity and growth inhibition by polymyxins, 

and anticorrelated phenotypes that may explain synergy between polymyxins and rifamycins. 

Our study demonstrates the power of systematic genetic approaches to identify vulnerabilities in 

Gram-negative pathogens and uncovers antibiotic-essential gene interactions that better inform 

combination therapies. 

4. Importance 

Acinetobacter baumannii is a hospital-acquired pathogen that is resistant to many 

common antibiotic treatments. To combat resistant A. baumannii infections, we need to identify 

promising therapeutic targets and effective antibiotic combinations. In this study, we 

comprehensively characterize the genes and pathways that are critical for A. baumannii viability. 

We show that genes involved in aerobic metabolism are central to A. baumannii physiology and 

may represent appealing drug targets. We also find antibiotic-gene interactions that may impact 

the efficacy of carbapenems, rifamycins, and polymyxins, providing a new window into how 
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these antibiotics function in mono- and combination therapies. Our studies offer a useful 

approach for characterizing interactions between drugs and essential genes in pathogens to 

inform future therapies. 

5. Introduction 

The rise of antibiotic resistance in Gram-negative pathogens, including Acinetobacter 

baumannii, is a pressing healthcare concern, as many infections become untreatable amid a 

stalled pipeline for novel therapies (136). A. baumannii causes serious infections in hospitalized 

patients and is considered an urgent threat for its ability to evade killing by last-resort antibiotics 

(137). It has numerous defenses against antibiotics including a propensity to acquire resistance 

genes through horizontal transfer (138, 139), low membrane permeability coupled with robust 

efflux to prevent antibiotics from reaching their cytoplasmic targets (37), and rapid accumulation 

of resistance mutations (140). Although its unique strengths in resisting antibiotics are well 

documented, less is known about whether A. baumannii carries any unique vulnerabilities that 

could be therapeutically exploited. 

The distinct physiology of A. baumannii sets it apart from well-studied, Gram-negative 

bacteria. Among the Gram-negative ESKAPE pathogens (i.e., Klebsiella, Acinetobacter, 

Pseudomonas, and Enterobacter), A. baumannii is the only obligate aerobe, requiring oxidative 

phosphorylation to generate ATP (141). Further, the outer membrane of A. baumannii contains 

lipooligosaccharide (LOS) rather than lipopolysaccharide (LPS) found in most Gram-negative 

bacteria (25). LOS and LPS both contain a core lipid A moiety, but LOS lacks the repeating 

units of O-polysaccharide found in LPS (25). Although LPS is essential for viability in other 

Gram-negative ESKAPE pathogens, a recent study showed that LOS was dispensable in ~60% 

of A. baumannii strains tested, including contemporary clinical isolates (142). LOS- strains 

cannot be targeted by lipid A-binding antibiotics, such as polymyxins, increasing the antibiotic 

resistance threat posed by A. baumannii (143). Finally, A. baumannii has numerous genes of 
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unknown function, including essential genes that are not present in model Gram-negatives or 

other ESKAPE pathogens (110). These distinctions underscore the importance of examining 

essential gene phenotypes and antibiotic interactions directly in A. baumannii. 

Systematic genetic studies of Acinetobacter species have provided valuable 

physiological insights, although A. baumannii essential genes have not been comprehensively 

characterized. Tn-seq studies in A. baumannii identified putative essential genes (110, 144), 

defined phenotypes for previously uncharacterized genes (107), and uncovered the mechanism 

for strain-specific essentiality of LOS biosynthesis (142). An elegant Tn-seq study of non-

pathogenic Acinetobacter baylyi monitored depletion of strains with disrupted essential genes 

following natural transformation (71), but it remains unclear whether those findings are directly 

applicable to A. baumannii. 

CRISPR interference (CRISPRi) is the premier genetic tool to define essential gene 

function and antibiotic-gene interactions in bacteria. This gene knockdown technology uses a 

programmable, single guide RNA (sgRNA) to direct a catalytically inactive Cas effector protein 

(typically dCas9) to a target gene for silencing (74, 145). CRISPRi partial knockdowns enable 

phenotyping of essential genes either by titrating the levels of CRISPRi components using 

inducible or weak promoters (74, 76, 94), or by modifying the sgRNA to weaken its interaction 

with target DNA (86, 101, 102) or dCas9 (146). Due to its portability, CRISPRi has proven 

valuable for phenotyping essential genes in diverse bacteria, including ESKAPE and other 

pathogens (88, 90, 110). Antibiotic-gene interaction screens using CRISPRi often recover the 

direct antibiotic target or related pathways among the largest outliers (76, 118). For instance, we 

previously identified the direct targets of two uncharacterized antibiotics using a Bacillus subtilis 

essential gene CRISPRi library, followed by genetic and biochemical validation of top hits (76). 

Although CRISPRi has been previously developed in A. baumannii by us and others (88, 110), 

only a handful of essential genes have been phenotyped to date. To systematically probe for 
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genetic vulnerabilities in A. baumannii, we generated and screened a pooled CRISPRi library 

targeting all putative essential genes [Figure 8A]. We identified essential genes and pathways 

that are most sensitive to knockdown, thereby prioritizing targets for future drug screens. We 

further used CRISPRi to define genetic interactions with last-resort antibiotics, finding antibiotic 

target pathways, obstacles to drug efficacy, and antibiotic-gene phenotypes that that inform 

synergistic drug combinations. 
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Figure 8: CRISPRi Screening Overview in A. baumannii 

(A) Design and construction of a Mobile-CRISPRi library targeting all putative essential genes in A. 
baumannii 19606. The library was screened with CRISPRi inducer (1 mM IPTG) to identify genes that are 
vulnerable to knockdown or with inducer and a sub-MIC concentration of antibiotic to identify antibiotic-
gene interactions. (B-C) Density plot showing depletion of essential gene targeting sgRNA spacers 
(perfect match or mismatch) from the library but not depletion of non-targeting control sgRNAs during 
growth over two time points (T1 and T2) (D) The population diversity (Nb) of essential gene targeting 
sgRNAs is reduced relative to controls, indicating that those sgRNAs are depleted during growth. The 
white horizontal line through the bars indicates a break in the data. 
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6. Results 
6.1. Construction and validation of an A. baumannii essential gene CRISPRi 
library. 

We constructed a CRISPRi library targeting all putative essential genes in A. baumannii 

19606, a strain extensively used to characterize the fundamental biology of A. baumannii that is 

also the type strain for antibiotic susceptibility testing (147). Notably, this strain is viable without 

LOS (142), allowing us to examine the phenotypic consequences of LOS loss. Developing our 

library in a susceptible strain made it straightforward to use antibiotics as probes for gene 

function.  

To systematically investigate essential genes, we first optimized CRISPRi in A. 

baumannii, finding that reduced expression of dcas9 lowered toxicity and still achieved ~20-fold 

knockdown (Supplementary Methods, [Figure 9A-E, and Tables S1-4]). We next designed and 

constructed a CRISPRi library targeting all putative essential genes in A. baumannii. As the goal 

of our study was to characterize rather than define essential genes, we used existing Tn-seq 

data (144) to generate a list of CRISPRi targets we call the “Ab essentials” (406 orthologous 

essential genes total in 19606, [Table 2]). We designed a computationally optimized CRISPRi 

library targeting the Ab essentials that consisted of three types of sgRNAs: 1) perfect match 

sgRNAs (74) to maximize knockdown (~4/gene), 2) single-base mismatch sgRNAs (86) to 

create a gradient of partial gene knockdowns (~10/gene), and 3) control sgRNAs that are non-

targeting (1000 total). This library was cloned and site-specifically integrated into the 19606 

genome using Mobile-CRISPRi [Figure 8A] (88). Illumina sequencing of integrated sgRNA 

spacers confirmed that our CRISPRi library successfully targeted all the Ab essentials (median 

= 14 guides/gene; [Figure 10A]). Our approach, which includes using multiple sgRNAs per gene 

and robust statistics, mitigates potential issues with toxic or inactive guides. 
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Figure 9: Optimization and Characterization of an A. baumannii Mobile-CRISPRi 
System 

(A) PCR confirmation that Mobile-CRISPRi (MCi) inserted downstream of the glmS gene as expected in 
A. baumannii. (B) Expression of dCas9 from the PLlacO-1 promoter is toxic in A. baumannii 19606 (Parent 
(+mrfp guide)), but suppressors can readily be obtained that reduce toxicity (Suppressor (red) and 
Suppressor (white)). White colony suppressors have reduced toxicity of dcas9 expression but are still 
capable of targeting a chromosomal copy of the gene encoding Red Fluorescent Protein (mrfp). (C) RFP 
fluorescence of parent (PLlacO-1 -dcas9) and suppressor colonies. Each point is a distinct, single colony. 
Parent strains likely show intermediate levels of RFP due to the toxic effects of dCas9 expression from 
PLlacO-1. (D) White colony suppressors contain a mutation in PLlacO-1 that likely reduces its activity; this 
mutation likely arose from collapse of identical lac operator sequences. (E) Knockdown quantification of a 
CRISPRi system that expresses dCas9 from the white suppressor promoter at varying concentrations of 
inducer (IPTG). 
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Figure 10: Quality Control for The A. baumannii Essential Gene CRISPRi Library 

(A) Histogram of guides/gene in the library. Nearly all genes had 14 guides and the smallest number of 
guides per gene was 11. Libraries shown here were grown with IPTG to two separate time points (see 
Methods) and sgRNA spacer depletion was quantified at each time point. Of the 7 genes with less than 
14 recovered guides, 4 genes had only 13 (N=3) or 12 (N=1) guides in our initial library design. The other 
3 genes likely lost a targeting guide during the library cloning or mating procedures. (B) Biological 
replicates of CRISPRi library experiments showed excellent reproducibility. 

 



 
44 

To validate our A. baumannii CRISPRi library, we measured the depletion of essential-

gene-targeting sgRNAs during pooled growth. We grew the library to exponential phase in rich 

medium (LB) without induction (T0), diluted back into fresh medium with saturating IPTG to 

induce CRISPRi and grew cells for ~7 doublings (T1), then diluted back a second time in IPTG-

containing medium and grew cells for an additional ~7 doublings (T2). Quantifying strain 

depletion using log2 fold change (log2FC) and population diversity (Nb; (148)) between T0, T1, 

and T2 ([Figure 8B-D, Figure 10B], [Table 2]) revealed noticeable depletion of essential-gene-

targeting sgRNAs by T1 and substantial depletion by T2, while control sgRNAs were unaffected. 

The lack of an induction effect on control strain abundance suggests that toxic guide RNAs such 

as “bad seeds” (91) are largely absent from our library. Taken together, our CRISPRi library 

effectively and comprehensively perturbs essential gene functions in A. baumannii. 

6.2. Identifying A. baumannii essential genes and pathways that are sensitive to 
knockdown. 

Essential genes with a strong, negative impact on fitness when knocked down, i.e., 

“vulnerable" genes, are potential high-value targets for antibiotic development. CRISPRi 

enables the identification of vulnerable genes by controlling the duration and extent of 

knockdown (86, 101). To define a set of vulnerable genes, we first quantified depletion of strains 

containing perfect match guides from the CRISPRi library during growth in rich medium (LB) 

[Figure 11]. At T1, 88 genes showed significant depletion (log2FC<-1 and Stouffer's p<0.05), and 

by T2 an additional 192 genes were depleted (280/406 total or 69%; Table 2). Screening our 

library in antibiotics at sub-MIC (minimal inhibitory concentration) levels recovered phenotypes 

for 74 for the 126 genes that were non-responsive in rich medium (see below), suggesting that 

these genes could be involved in antibiotic mode of action [Figure 11B]. The remaining 52 

genes that were non-responsive in all our conditions may require additional depletion (86), are 

false positives from the Tn-seq analysis used to define the Ab essentials (144), or are not 
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essential in 19606. Overall, most Ab essentials (354/406 or 87%) showed significant 

phenotypes in our CRISPRi screens. 
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Figure 11: Gene-Level Depletion from the CRISPRi Library Under Various Growth 
Conditions 

(A) Sankey plot of gene depletion at two time points. Genes are considered vulnerable to knockdown if 
they were depleted by 2-fold with a Stouffer’s p value of 0.05 at the time point indicated relative to T0. (B) 
Sankey plot of gene depletion across any of the conditions assayed in our experiments (IPTG alone, IMI, 
MER, COL, RIF). Genes are considered responsive if they were depleted by 2-fold with a Stouffer’s p 
value of 0.05 at the time point indicated relative to T0. (C) Growth, measured by OD600, over 18 hours for 
a non-targeting control strain, lpxC knockdown strain, and nuoH knockdown strain in LB (uninduced, left) 
or LB with inducer (1 mM IPTG, right). 
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We sought to prioritize target genes and pathways by sensitivity to knockdown. Because 

CRISPRi knockdown affects transcription units (TUs) that can encode multiple gene products, 

we assigned essential genes to TUs and then organized the TUs into two groups: those 

containing only one essential gene and those containing multiple essential genes [Table 2]. We 

observed that most essential genes fall into one of two groups with respect to TUs: 1) TUs 

containing only one essential gene, or 2) TUs containing multiple essential genes that 

participate in the same cellular process; thus, most CRISPRi knockdowns affected single genes 

or single processes. Next, we ranked TU sensitivity to knockdown by the median log2FC of 

perfect match guides targeting essential genes present in the TU [Table 2]. Our measurements 

of log2FC are robust; however, we caution that small quantitative differences in gene/TU ranks 

may not always indicate meaningful variations in vulnerability. 

Knockdowns of murA, rpmB, aroC and the poorly characterized gene, GO593_00515 

were among the most depleted strains in our CRISPRi library [Figure 12A-B]. These genes 

represent established as well as underexplored therapeutic targets, and are in TUs containing 

only one essential gene, allowing straightforward interpretation of phenotypes. The murA gene, 

which encodes the target of fosfomycin (149), is vulnerable to knockdown despite fosfomycin’s 

inefficacy against A. baumannii due to efflux by the AbaF pump (27). L28, encoded by rpmB, is 

a bacterium-specific ribosomal protein that is required for assembly of the 70S ribosome in 

Escherichia coli (150, 151), but has no characterized inhibitors to our knowledge. Interestingly, 

E. coli cells with reduced L28 levels accumulate ribosome fragments that can be assembled into 

translation-competent ribosomes by expressing additional L28 (151), suggesting that L28 could 

play a role in regulation of ribosome assembly. The aroC gene encodes chorismate synthase, a 

metabolic enzyme genetically upstream of aromatic amino acid and folate biosynthesis. The 

abundance of aromatic amino acids in LB medium used in our screen suggests that the 

essential role of aroC is likely in folate biosynthesis. Chorismate synthase is essential in several 
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bacterial species including Gram-positives, such as B. subtilis (152), and is vulnerable to 

knockdown in Mycobacterium tuberculosis (60), raising the possibility that aroC could be a 

general, high-value target. 

Surprisingly, the most depleted knockdown strain in our library targeted an 

uncharacterized gene: GO593_00515 [Figure 12A-B]. GO593_00515 is predicted to encode an 

Arc family transcriptional repressor; Arc repressors have been extensively studied for their role 

in the Phage P22 life cycle (153). Accordingly, GO593_00515 is located within a predicted 

prophage in the 19606 genome; this locus is occupied by a similar but distinct prophage in the 

model resistant strain AB5075 [Figure 13A]. Synteny between the 19606 prophage and P22 

suggested a role for GO593_00515 in lysogeny maintenance. Consistent with this hypothesis, 

we found that GO593_00515 knockdown cells showed little growth 10 hours after dilution into 

IPTG-containing medium [Figure 13C] and inducing knockdown in growing GO593_00515 

CRISPRi cells caused complete lysis occurred within 7 hours [Figure 13B]. We reasoned that if 

the essential function of GO593_00515 is to repress expression of toxic prophage genes, we 

could suppress its essentiality by deleting the surrounding prophage genes entirely. Indeed, we 

recovered prophage deletion strains lacking GO593_00515 after inducing GO593_00515 in the 

presence of an integrated knockout plasmid [Figure 13C]. Thus, repression of toxic prophage 

genes is a critical but conditionally essential function in A. baumannii. Given the ubiquity of 

prophages harboring toxic lysis genes (154), we suggest that knockdown of phage repressors 

could aid in identifying proteins that are exceptional at lysing A. baumannii. 
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Figure 12: A. baumannii Genes and Pathways Vulnerable to Knockdown 

(A-B) Depletion of sgRNAs targeting transcription units (TUs) from the CRISPRi library during growth in 
inducer over two time points (T1 and T2). Vertical dashed lines indicate a two-fold change in relative 
fitness score, and horizontal dashed lines indicate a Stouffer's p value of ≤ 0.05. Stouffer's p values were 
calculated at the TU level by combining the false discovery rates (FDRs) of all individual sgRNAs 
targeting the TU. TUs related to pathways discussed in the text are colored according to the figure legend 
and the number of essential genes in a TU is indicated by point size.  
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Figure 13: The GO593_00515 Gene is Conditionally Essential 

(A) Mauve alignment of A. baumannii 19606 genomic locus containing GO593_00515 (pink) and 
surrounding prophage (yellow) to 17978 and AB5075. Regions of same color represent alignment 
between genomes. (B) Cultures seven hours after addition of P1 phage lysate to E. coli MG1655 (left) 
and addition of inducer (1 mM IPTG) to A. baumannii non-targeting control strain (middle) or 
GO593_00515 knockdown strain (right). (C) Growth, measured by OD600, over 18 hours for a non-
targeting control strain, GO593_00515 knockdown strain, GO593_00515 knockdown strain with single 
crossover of prophage deletion plasmid (intermediate in construction), and multiple strains of 
GO593_00515 knockdown with deleted prophage in LB (uninduced, top) or LB with inducer (1 mM IPTG, 
bottom). (D) Agarose gel electrophoresis of PCR products to confirm prophage deletion using specified 
primer sets. GeneRuler 1 kb Plus ladder or template genomic DNA are denoted below each lane. PCR 
products with oJMP1381/1382 for strains with prophage still present suggests prophage excision 
happens at some frequency in WT. 
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Sensitivity to knockdown among groups of genes with related functions provided further 

insight into A. baumannii vulnerabilities. Strong depletion of knockdowns targeting components 

of the ribosome, peptidoglycan (PG) synthesis, and cell division validated our CRISPRi screen 

by identifying pathways targeted by clinically relevant antibiotics [Figure 12A-B]. Genes 

encoding aminoacyl-tRNA synthetases (aaRSs) were functionally enriched among strains with 

reduced abundance at T2. Mupirocin, which targets IleRS, is the only inhibitor of a bacterial 

aaRS used clinically, although other aaRS inhibitors are used to treat infections caused by 

eukaryotic microbes . aaRSs are currently prioritized as targets for tuberculosis treatment as M. 

tuberculosis aaRS genes are vulnerable to knockdown and a LeuRS/MetRS dual inhibitor is 

currently undergoing clinical trials (155, 156). Our data demonstrate the vulnerability of aaRS 

genes in A. baumannii and suggest that aaRSs could serve as effective targets. Oxidative 

phosphorylation (oxphos) genes also stood out by degree of functional depletion in our library 

as early as T1 [Figure 12A]. Among the oxphos outliers, genes encoding the NADH 

dehydrogenase complex I (NDH-1; nuo genes) were particularly sensitive to knockdown. This 

finding highlights the distinct importance of aerobic metabolism in A. baumannii compared to 

other Gram-negative pathogens, such as E. coli, where NDH-1 is not essential for viability in 

aerobic conditions (65). 

Ideal antibiotic targets have a tight relationship between target function and fitness such 

that small perturbations result in a substantial loss of viability. Recent work in model bacteria 

(86, 101) and M. tuberculosis (60) has found that the relationship between knockdown and 

fitness for essential genes is non-linear and varies by gene or pathway. To examine this 

phenomenon for A. baumannii vulnerable genes, we fit the relationship between gene 

knockdown (predicted by machine learning (86)) and fitness (log2FC of mismatch guides) to 

generate "knockdown-response" curves [Figure 14]. We found that vulnerable genes and 

pathways were highly sensitive to even low levels of knockdown. Knockdown-response curves 
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allowed us to determine the amount of knockdown required to elicit a half-maximal reduction in 

fitness (effective knockdown, or EK50) at the gene level. Vulnerable essential genes, such as 

murA, showed a substantial fitness defect at less than half of the maximal knockdown, whereas 

non-essential genes, such as lpxA, showed little fitness defects even at higher levels of 

knockdown. Other vulnerable genes (e.g., rpmB, aroC, and GO593_00515) also showed 

heightened sensitivity to knockdown [Figure 15].  
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Figure 14: Knockdown-Response Curves Describe Gene Vulnerability 

(A, B) Knockdown-response curves of the LOS gene lpxA and the PG/division gene murA. Points are 
individual mismatch sgRNAs; mismatch sgRNA knockdown was predicted as previously described (19). 
Colored lines are a 4-parameter logistic fit describing the relationship between relative fitness score and 
knockdown. The effective knockdown 50 (EK50) is the amount of predicted knockdown needed to achieve 
a half-maximal effect on relative fitness score. EK50s are depicted as crosshairs.  
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Figure 15: Gene-Specific Knockdown-Response Relationships Across 
Experimental Timepoints 

Examples of 4-parameter knockdown-response curves in T1 and T2 from genes highlighted in the 
text. Effective knockdown 50 (EK50) parameters are displayed as crosshairs where the parameter fit 
resulted in a p value ≤ 0.05. Points are individual sgRNAs.  
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We extended our knockdown-response analysis to the pathway level, finding that 

pathways with many vulnerable genes (PG/division) required less knockdown, on average, than 

pathways with few vulnerable genes (LOS) [Figure 16]. Interestingly, although fitness at T2 was 

generally lower than T1 for vulnerable genes, EK50 values at both time points were statistically 

indistinguishable. This demonstrates that even guides with weak knockdown contribute to 

vulnerability phenotypes and suggests that gene phenotypes occur when a threshold of 

knockdown is crossed, and that threshold is pathway-dependent in A. baumannii. 
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Figure 16: Knockdown-Response Curves Describe Pathway Vulnerability 

(A, B) Knockdown response curves for genes in LOS synthesis or PG/division pathways. Points indicate 
the EK50 for individual pathway genes. Boxplots on the y-axis show the distribution of relative fitness 
scores at EK50 for genes in the pathway and boxplots on the x-axis show the distribution of EK50 values 
for genes in the pathway. Statistical significance was assessed using Wilcoxon Rank Sum Test; asterisks 
indicate p ≤ 0.05 and ns for not significant. 
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6.3. Essential gene knockdowns that potentiate or mitigate carbapenem 
sensitivity in A. baumannii. 

Antibiotic-gene interaction screens have the potential to identify targets that synergize 

with or antagonize existing therapies. Carbapenems, a class of β-lactam antibiotics, are first-line 

treatments for A. baumannii that block PG synthesis by inhibiting penicillin binding proteins 

(PBPs) (157). To uncover antibiotic-essential gene interactions that impact sensitivity to 

carbapenems, we screened our CRISPRi library against sub-MIC concentrations of imipenem 

(IMI) and meropenem (MER) [Figure 17A, Figure 18A-B]. We found that knockdown of genes 

involved in cell wall synthesis, including the direct target (ftsI, TU: ftsLI-murEF-mraY), increased 

carbapenem sensitivity. Knockdowns of genes required for PG precursor synthesis (murA, 

dapA) and translocation (murJ) were strongly depleted in both IMI and MER. MurA catalyzes the 

first committed step of PG synthesis, DapA is part of a pathway that converts L-aspartate to 

meso-diaminopimelate which is incorporated into PG precursors by MurE, and MurJ, the lipid II 

flippase, translocates PG precursors from the inside to the outside of the cytoplasmic 

membrane (158). To validate screen hits, we developed a small-scale version of our initial 

screen that retains its high sensitivity while reducing pool complexity; this assay uses Next 

Generation Sequencing to measure competitive fitness between a non-targeting and CRISPRi 

knockdown strain (i.e., "CoMBaT-seq" or Competition of Multiplexed Barcodes over Time). We 

validated CoMBaT-seq by recapitulating murA vulnerability to knockdown and further sensitivity 

to IMI [Figure 17B]. 
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Figure 17: Essential Gene Interactions with Carbapenem Antibiotics in A. 
baumannii 

(A) Boxplots showing the relative fitness scores of selected TUs that interact with imipenem (IMI, 0.09 
µg/mL) across the genome at T1. Points are individual guides in the TU. Boxplots are colored by relevant 
pathways; light-blue boxplots indicate TUs where tRNA synthetase genes are present with genes in other 
pathways. (B-C) CoMBaT-seq data from a growth competition between either a murA or glnS knockdown 
strain and a non-targeting control strain in the presence or absence of IMI (0.09 µg/mL). Only data from 
the gene targeting strain is depicted as the non-targeting control is the remaining proportion of the 
population. Points are data from individual experiments (N = 2). 
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Figure 18: Essential Gene Operon Knockdown Phenotypes in IMI and MER 

Imipenem (IMI) (A) and meropenem (MER) (B). Depletion of sgRNA spacers from the CRISPRi library 
(relative fitness score) during growth in IPTG at the level of transcription units (TUs). Dashed lines 
indicate a two-fold loss in relative fitness score and a p value of ≤ 0.05. Stouffer’s p values were 
calculated at the TU level by aggregating false discovery rates (FDRs) of individual sgRNAs targeting the 
TU. TUs related to pathways discussed in the text are colored as described in the legend and the number 
of essential genes in the TU is indicated by point size. 
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Because IMI targets cell wall synthesis, reduced growth of gene knockdowns in the 

same pathway could be considered a “dosing effect” rather than a true synergy. To test for 

synergy, we performed a checkerboard assay between IMI and fosfomycin. Consistent with our 

murA-IMI interaction, we found that fosfomycin and IMI synergize in A. baumannii (FIC<0.5) 

[Figure 19A], as is the case in other Gram-negative pathogens (e.g., Pseudomonas aeruginosa 

(159)). Although no clinically relevant inhibitors of DapA and MurJ exist, to our knowledge, we 

speculate that such inhibitors would have the potential to synergize with carbapenems. 

Intriguingly, knockdowns of advA—an Acinetobacter-specific division gene (107)—were also 

sensitized to carbapenems, raising the possibility of A. baumannii targeting combination 

therapies should inhibitors of AdvA be identified. 
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Figure 19: Carbapenems are Synergistic with Fosfomycin in A. baumannii 

2-fold serial dilutions of drugs from minimum inhibitory concentrations (MICs) represented by gray 
wedges. Wells with red borders show synergy (i.e., no growth & FIC index <0.5). 
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Gene knockdowns that mitigate antibiotic function can reveal routes to resistance or 

target combinations that result in antagonism and should be avoided therapeutically. Given that 

increasing carbapenem resistance is an urgent clinical concern for A. baumannii, we sought to 

identify genes and pathways that mitigate the efficacy of IMI and MER. Although previous work 

suggested that growth rate and β-lactam resistance are linearly related (160, 161), we found 

only a modest linear relationship growth and IMI/MER resistance across knockdown strains in 

our library (R2 = 0.005, and 0.007, respectively [Figure 20A-B]). This indicates that slow 

growing strains of A. baumannii are not necessarily more resistant to β-lactam treatment. 

Instead, we found that specific genetic pathways govern carbapenem resistance. Using gene 

set enrichment analysis, we identified ribosomal protein genes as a pathway that increases 

resistance to IMI/MER when perturbed [IMI: enrichment score = 4.65, FDR (afc) = 2.12e-06; 

MER: enrichment score = 2.43, FDR (afc) = 0.002], consistent with antagonism between β-

lactams and ribosome inhibitors described for other bacteria (162). 

aaRS genes also emerged from our enrichment analysis [IMI: enrichment score = 4.93, 

FDR (afc) = 1.04e-06; MER: enrichment score = 5.04, FDR (afc) = 1.16e-06], uncovering a 

connection between tRNA charging and carbapenem resistance, as well as a surprising 

relationship between knockdown and fitness unique to antagonistic interactions. A subset of 

aaRS gene knockdowns including argS, lysS, valS, cysS and glnS showed increased relative 

fitness in our IMI pooled screen [Figure 17A, Figure 20C]. Although glnS resistance to IMI in 

MIC test strip and growth curve assays was modest [Figure 21], our more sensitive CoMBaT-

seq assay showed a clear growth advantage for the glnS knockdown when competed against a 

non-targeting control (in contrast to sensitive knockdowns such as murA) [Figure 17B-C].  
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Figure 20: Essential Gene Knockdown Interactions with Carbapenems 

(A-B) Scatterplot of mismatch guide relative fitness score (log2 fold change) in inducer only compared to 
relative fitness score in imipenem at T1. Lines represent linear model fits with 95% confidence interval. 
Guides for genes in PG/division or tRNA ligase pathways are divided into groups using hierarchical 
clustering based on response to imipenem. Left-hand figures in grayscale indicate trend for all guides; 
right-hand figures indicate trends for guides for specific pathways. High-response indicates most 
responsive cluster (greatest absolute log2-fold changes), low-response indicates other clusters (k=3) in C. 
(C) Hierarchical clustering of tRNA synthetase and PG/division gene knockdowns in response to 
imipenem (IMI) and meropenem (MER). 
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Figure 21: glnS Knockdown Causes a Subtle Change in IMI MIC 

Four independently constructed non-targeting (NT) or glnS knockdown strains were plated as a lawn on 
LB + 1mM IPTG and grown in the presence of an IMI MIC test strip. MIC values were read as the 
concentration line above the intersection between confluent growth and the test strip. The average MICs 
for NT and glnS were 0.6 and 0.9 ng/µL, respectively (p = 0.02, 2 tailed t-test with equal variance). 
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Our observations that the glnS knockdown is depleted during growth in rich medium and 

enriched during growth in IMI implied that the relationship between knockdown and fitness 

changed across the two conditions. Indeed, a 4-parameter knockdown-response curve fit well to 

mismatch guides targeting glnS without treatment, but poorly to the same guides in IMI 

treatment [Figure 22A-D, Figure 23A-B]. Remarkably, IMI treated glnS knockdown strains 

showed increased relative fitness as knockdown increased up until a point at the strains lost 

viability, presumably due to a lack of glutamine tRNA charging. This pattern is reminiscent of a 

hormetic response in dose-response curves (163) where a low amount of drug produces a 

positive response that eventually becomes negative at higher doses [Figure 22A-B]. 

Accordingly, a 5-parameter logistic curve typically used in the context of hormetic responses 

improved the fit to IMI treated glnS mismatch strains but did not improve the fit of untreated 

strains [Figure 22C-D, Figure 23B]. To test if the hormetic effect we observed between IMI and 

glnS in an antibiotic-gene interaction was relevant to antibiotic-antibiotic interactions, we 

measured the growth of wild-type A. baumannii treated with IMI and the aaRS inhibitor, 

mupirocin. Consistent with hormesis, IMI antagonized the effect of mupirocin at low 

concentrations but had no positive impact on growth at higher concentrations [Figure 22E]. 

Although mupirocin treatment is not clinically relevant for A. baumannii due to high-level 

resistance, our work provides a proof of principle that hormetic effects can be predicted by 

genetic approaches and influence antibiotic susceptibility. 
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Figure 22: Knockdown extent affects the sign of antibiotic-gene interactions 

(A-B) Schematics of idealized dose-response curves showing monotonic or hormetic relationships 
between dose and response; hormetic responses change the sign of the response depending on dose. 
(C-D) Knockdown-response curves of glnS show a nearly monotonic response in the absence of IMI, but 
a hormetic response in the presence of IMI. (E) The interaction between the IleRS tRNA synthetase 
inhibitor mupirocin (MUP) and IMI shows a hormetic response at intermediate concentrations of IMI. 
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Figure 23: Dose-Response Curve Modeling the Fits for glnS in IMI 

(A-B) and nuoB in rifampicin (RIF) (C-D). Asterisks indicate improvement of the empirical fit from 4-
paremeter to 5-parameter, such that the likelihood-ratio test p value ≤ 0.05. 
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6.4. The synergistic antibiotic pair, colistin and rifampicin, show anticorrelated 
phenotypes 

Antibiotic-gene interaction screens can identify genes and pathways that contribute to 

drug synergy. Colistin (COL) and rifampicin (RIF) synergistically inhibit A. baumannii growth 

[Figure 24] (164), in part due to permeabilization of the outer membrane by COL (165). To 

define antibiotic-gene interactions that may inform COL-RIF synergy, we screened our CRISPRi 

library against COL and RIF individually. We found strong, opposing phenotypes in COL and 

RIF for genes encoding NDH-1 and LOS biosynthesis genes. COL, a polymyxin class antibiotic, 

is a last-resort treatment for carbapenem-resistant A. baumannii (41). COL binds to the lipid A 

moiety of LOS and is thought to kill cells by membrane disruption (23); complete loss of LOS 

results in a >500-fold increase in COL resistance (142). As expected, screening our library 

against a sub-MIC dose of COL identified LOS synthesis genes as resistant outliers [Figure 25]. 

Among the most resistant outliers were lpxC (TU: lpxC) and lpxA (TU: lpxD-fabZ-lpxA), which 

encode enzymes that catalyze the first two committed steps in LOS synthesis and are 

commonly found in selections for COL resistant mutants (142). Genes involved in fatty acid 

biosynthesis biosynthesis (TU: fabDG, TU: aroQ-accBC) also showed increased resistance to 

COL, possibly by limiting the pool of fatty acids available for LOS synthesis [Figure 25]. 

Surprisingly, knockdown of genes encoding NDH-1 (TU: nuoABDEFGHIJKLMN) caused 

heightened sensitivity to COL in the context of our pooled screen [Figure 25].  
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Figure 24: COL and RIF are synergistic under our screening conditions in A. 
baumannii 

2-fold serial dilutions of drugs from minimum inhibitory concentrations (MICs) represented by gray 
wedges. Wells with red borders show synergy (i.e., no growth & FIC index <0.5).  
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Figure 25: Essential Gene Knockdown Phenotypes in Rifampicin (RIF) versus 
Colistin (COL) 

Depletion of sgRNAs targeting transcription units (TUs) from the CRISPRi library during growth in inducer 
and RIF or COL at T2. Vertical dashed lines indicate a two-fold loss in fitness score relative to non-
targeting sgRNAs and horizontal dashed lines indicate a Stouffer's p value of ≤ 0.05. Stouffer's p values 
were calculated at the TU level by combining the false discovery rates (FDRs) of all individual sgRNAs 
targeting the TU. TUs related to pathways discussed in the text are colored according to the figure legend 
and the number of essential genes in a TU is indicated by point size. 
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We confirmed the COL sensitivity of a nuoB knockdown using our CoMBaT-seq assay 

[Figure 26A], although MIC test strips showed a more muted effect [Figure 27]. NDH-1 couples 

conversion of NADH to NAD+ to proton translocation across the inner membrane, but whether 

the key role for NDH-1 in A. baumannii physiology is NAD+ recycling or contributing to 

membrane potential (∆ψ) is unknown. To address this issue, we measured the NAD+/NADH 

ratio and ∆ψ using an enzyme-coupled luminescence assay (NAD/NADH-Glo) and the 

membrane potential-sensitive dye Thioflavin T (ThT), respectively [Figure 26B, Figure 28A]. 

Knockdown of nuoB lowered the NAD+/NADH ratio, consistent with reduced conversion of 

NADH to NAD+ by NDH-1 [Figure 26B]. Unexpectedly, nuoB knockdown did not impact ∆ψ, 

although reduced ∆ψ in cells treated with the ionophore CCCP was readily apparent in our ThT 

assay [Figure 28B]. Thus, recycling of NADH to NAD+ for use in the TCA cycle, rather than 

maintenance of membrane potential, may be the critical cellular role of NDH-1. A. baumannii 

also encodes a non-essential, non-proton pumping NDH-2 enzyme that can be inhibited by COL 

in vitro (166). We speculate that NDH-2 inhibition by COL combined with knockdown of NDH-1 

critically reduces cellular NAD+ levels, leading to enhanced sensitivity. 
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Figure 26: Physiological Characterization of NDH-1 knockdown 

(A) CoMBaT-seq data from a growth competition between a nuoB knockdown strain and a non-targeting 
control strain in the presence or absence of COL. Only data from the gene targeting strain are depicted 
as the non-targeting control is the remaining proportion of the population. Points are data from individual 
experiments (N = 2). (B) Measurement of the NAD+/NADH ratio in nuoB knockdown and non-targeting 
cells using the NAD/NADH-Glo assay. An unequal variance t-test was performed and the asterisk 
indicates that the P-value ≤0.05. (C and D) Knockdown-response curves of nuoB show a nearly 
monotonic response in the absence of RIF, but a hormetic response in the presence of RIF. (E) CoMBaT-
seq data from a growth competition between a nuoB knockdown strain and a non-targeting control strain 
in the presence or absence of RIF. (F) Ethidium bromide (EtBr) permeability assay of non-targeting 
and nuoB knockdown strains; nuoB knockdowns show decreased access of EtBr to DNA in the 
cytoplasm. 
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Figure 27: nuoB Knockdown Causes a Subtle Change in COL MIC 

Four independently constructed non-targeting (NT) or nuoB knockdown strains were plated as a lawn on 
LB + 1mM IPTG and grown in the presence of a COL MIC test strip. MIC values were read as the 
concentration line above the intersection between confluent growth and the test strip. The average MICs 
for NT and nuoB were 2 and 1.6 ng/µL, respectively (p = 0.02, 2 tailed t-test with equal variance). 
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Figure 28: Membrane Potential Analysis in Wild-type and nuoB Knockdown 
Strains 

ThT normalized to OD600 as a measurement of membrane potential (∆ψ) in non-targeting and nuoB 
knockdown strains. (A) and wildtype (B). Non-targeting and nuoB knockdowns measurements are taken 
with and without inducer (A). Wildtype was treated with CCCP at 0, 4, 6, and 8 ng/μL (B). 
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Rifampicin is a relatively large antibiotic (822.9 Da) that targets RNA polymerase 

(RNAP) in the cytoplasm but is typically avoided for treating Gram-negative infections due to low 

permeability (19). Consistent with a permeability barrier to rifampicin function (167), we found 

that knockdown of LOS synthesis and transport genes strongly sensitized cells to rifampicin 

[enrichment score = 8.83, FDR (afc) = 3.97e-05]. Again, knockdown of genes encoding NDH-1 

produced an unexpected phenotype, this time increasing RIF resistance by an unknown 

mechanism [Figure 25].  

To further characterize the NDH-1 RIF resistance phenotype, we examined the 

knockdown-response curve of nuoB with and without RIF treatment. As seen previously with 

glnS, nuoB knockdown showed a hormetic response: increasing knockdown of nuoB increased 

relative fitness in RIF until the highest levels of nuoB knockdown where growth decreased 

[Figure 26C-D]. Although MIC changes were modest [Figure 29], our CoMBaT-seq assay 

showed a clear fitness benefit for nuoB knockdown in RIF relative to a non-targeting control 

[Figure 26E]. We considered that NDH-1 knockdown cells may have reduced permeability, 

limiting RIF entry into the cytoplasm. To test permeability, we measured uptake of ethidium 

bromide (EtBr) which fluoresces when bound to DNA in the cytoplasm [Figure 26F]. We found 

that nuoB knockdown cells had a reduced rate of EtBr uptake, demonstrating that cells with 

reduced NDH-1 activity are less permeable and suggesting a possible mechanism for increased 

RIF resistance. 
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Figure 29: nuoB Knockdown Causes a Subtle Change in RIF MIC 

Four independently constructed non-targeting (NT) or nuoB knockdown strains were plated as a lawn on 
LB + 1mM IPTG and grown in the presence of a RIF MIC test strip. MIC values were read as the 
concentration line above the intersection between confluent growth and the test strip. The average MICs 
for NT and nuoB were 2.25 and 3.25 ng/µL, respectively (p value = 0.03, 2 tailed t-test with equal 
variance). 
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COL and RIF showed the strongest anticorrelated phenotypes in our CRISPRi screen 

(linear regression, p<0.001), with LOS related knockdowns causing resistance to COL and 

sensitivity to RIF and NDH-1 knockdowns resulting in sensitivity to COL and resistance to RIF 

[Figure 30]. These anticorrelated phenotypes are consistent with a model in which COL 

increases the permeability of the outer membrane to RIF (165), but also suggest additional 

complexities due to nuo interactions with COL and RIF. The extent to which NADH-1 modulates 

COL-RIF synergy will be explored in future studies. 
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Figure 30: Anticorrelated Gene-Antibiotic Interactions for COL and RIF 

Relative fitness score changes for genes encoding NDH-1 or involved in LOS biosynthesis in COL- or 
RIF-treated conditions relative to untreated. 
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7. Discussion 

Bacterial susceptibility to antibiotics is underpinned by species- and condition-specific 

gene essentiality. The recent lack of innovative treatments for A. baumannii and other Gram-

negative pathogens can be attributed to our limited knowledge of genetic weaknesses in these 

bacteria. This work advances our understanding of genetic vulnerabilities in A. baumannii by 

systematically perturbing and phenotyping essential genes. Using CRISPRi to knock down 

essential gene products, we identified genes that are sensitive to knockdown as well as genes 

that potentiate or mitigate antibiotic action. Together, these studies define potential targets for 

antibiotic discovery and provide a genetic approach for understanding synergistic therapies that 

is broadly applicable. 

 Our study of essential gene knockdown phenotypes in A. baumannii points to both 

unique and shared genetic vulnerabilities with other bacterial species. Our finding that A. 

baumannii is highly sensitive to depletion of genes encoding NDH-1 highlights a unique 

weakness in pathogens that are obligate aerobes and a possible therapeutic target. Among the 

Gram-negative ESKAPE pathogens, only A. baumannii is known to require nuo genes for 

aerobic growth in rich medium (168). Recent work from Manoil and colleagues in the non-

pathogenic model strain, Acinetobacter baylyi, found that genes involved in oxidative 

phosphorylation were among the first to be depleted from a pool of transposon mutants (71); 

combining these observations with our CRISPRi results suggests that oxygen-dependent 

energy production is a physiological linchpin across the Acinetobacter genus. Our finding that A. 

baumannii genes involved in PG synthesis and translation are vulnerable to depletion 

underscores the conserved importance of these pathways across bacterial species (60, 86) and 

their foundational role as antibiotic targets. 

Our finding that knockdown gradients of essential genes treated with antibiotics can 

mimic hormetic effects seen in dose-response curves (163) has implications for modeling 
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conditional phenotypes of essential genes and dosing of combination therapies. For most 

essential genes, complete loss of gene function results in lethality under the majority of 

conditions. However, our mismatch guide strategy allowed us to examine intermediate levels of 

essential gene function that may be analogous to partial loss of function alleles found in 

resistant clinical isolates or adaptive evolution experiments. Partial loss of function mutants can 

exhibit striking differences in phenotype over a narrow range of function, as we observed with 

glnS and nuoB resistance during IMI and RIF treatment, respectively. These hormetic 

resistance phenotypes fit poorly to established 4-parameter logistic models, emphasizing the 

importance of considering alternative model parameters and comprehensive statistical 

approaches when quantifying intricate biological processes. Given our limited set of screening 

conditions, it is currently unclear how widespread the phenomenon of hormesis is for antibiotic-

gene interactions, although we note that clear instances of hormesis were rare in our data. 

Hormesis in antibiotic interactions may have clinical relevance as well, as doses of combination 

therapies falling within the concentration window of a hormetic/antagonistic response would be 

ineffective. Although we could not find further evidence in the Acinetobacter literature, certain 

mutations aaRS genes result in β-lactam resistance in E. coli (169), supporting our results. Our 

ability to predict antagonism between an aaRS inhibitor and carbapenems based on genetic 

data suggests that screening for antibiotic-gene interactions will have as much value in avoiding 

antagonisms as it does in identifying potential synergies. 

 Our data show an unexpected link between NADH dehydrogenase activity and growth 

inhibition by COL. NDH-1 knockdown strains were highly sensitized to COL in competitive 

growth assays, but the precise mechanism behind this sensitivity is unclear. Based on our 

measurements, NDH-1 knockdown primarily affects the ratio of NADH to NAD+ in cells, rather 

than membrane potential. COL inhibits conversion of NADH to NAD+ by the type II NADH 

dehydrogenase (NDH-2) in a purified system (166), although at much higher concentrations 
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than used in our experiments. We speculate that the sensitivity of NDH-1 knockdowns to COL is 

due insufficient recycling of NAD+, which would be expected to reduce flux through the TCA 

cycle. In this scenario, CRISPRi knockdown reduces NDH-1 activity while COL inhibits NDH-2 

activity, resulting in further skewing of the NADH/NAD+ ratio toward NADH and away from 

NAD+. Flux through the TCA cycle would be expected to decrease as multiple steps in the cycle 

require available NAD+ (170, 171). In general, identifying targets that potentiate COL activity 

may be clinically relevant in the context of combination therapy because toxicity is a major dose-

limiting concern of polymyxin antibiotics (172). Employing effective combination treatments 

using colistin concentrations below toxicity thresholds would greatly improve its clinical utility 

and safety against A. baumannii. Our CRISPRi approach could inform not only combinations 

with polymyxins, but also other antibiotics which have dose-limiting toxicity concerns that 

prevent more widespread use. 

 COL and RIF have been shown to synergistically kill A. baumannii and other Gram-

negatives (172) in part due to COL disruption of the outer membrane [Vaara:1406489]. The 

anticorrelated phenotypes we observed in COL and RIF treatment may be relevant to the 

spectrum of available mutations that allow for the emergence of resistance. For instance, 

treatment with COL selects for mutations in LOS biosynthesis genes (143), while the loss of 

LOS promotes permeability to RIF (and other antibiotics (172)). Accordingly, the presence of 

RIF has been shown to reduce recover of inactivated lpx genes in selections for COL resistance 

(173). Mutations in nuo genes are commonly obtained in screens for tobramycin resistance in P. 

aeruginosa (174, 175), supporting a model in which reduced NDH-1 function decreases 

permeability of the inner membrane to antibiotics. Consistent with this model, we found that EtBr 

fluorescence, which is often used as a proxy for measuring permeability of small molecules, was 

decreased in NDH-1 knockdown strains. Mutations in nuo can negatively impact other Gram-

negative ESKAPE pathogens but are particularly relevant in A. baumannii because NDH-1 is 
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uniquely required for viability. We speculate that anticorrelated phenotypic signatures are 

predictive of antibiotic synergy in cases where permeability of one antibiotic is enhanced by the 

second, particularly in the context of bacteria with low permeability such as A. baumannii and P. 

aeruginosa. Interrogating a larger chemical genomics dataset with a greater diversity of 

antibiotics for these organisms will shed light on general rules for antibiotic-gene interactions 

and their implications for discovering synergy. 

Our approach is not without limitations. The high sensitivity of our pooled CRISPRi 

screens enables us to detect even subtle phenotypes, but these phenotypes may not exceed 

clinically-relevant thresholds. For instance, we detected several gene-antibiotic interactions with 

significant pooled phenotypes that resulted in modest MIC changes when assayed in isolation. 

One challenge with studying essential genes is that excessive knockdown will not only reduce 

cellular viability but will also select for preexisting suppressors of CRISPRi (often found in the 

dcas9 gene (99)). Thus, knockdown levels that enable stable interrogation of essential genes 

may not be sufficient to push MICs past clinical breakpoints. Nonetheless, our recovery of direct 

antibiotic targets among the strongest outliers in most CRISPRi screens strongly supports the 

utility of CRISPRi in elucidating antibiotic function (76, 156). Future work combining CRISPRi 

with orthogonal essential gene perturbations, such as CRISPR base editing (176), may reveal 

allele-specific changes in resistance that are often larger in magnitude and more closely reflect 

resistance mutations found in the clinic. Our work recovered phenotypes for most, but not all the 

Ab essentials. Although we expect some of the non-responsive genes to be false positives from 

Tn-seq (71), other genes may be non-responsive due to limitations of CRISPRi. For instance, 

we estimate that our system produces roughly 20-fold knockdown, but variations in guide 

activity could affect phenotype calls at the margin. Further, TU-level knockdowns could mask 

phenotypes for some genes, such as eliminating the phenotype of an antitoxin gene in a co-

transcribed toxin/antitoxin system. 
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8. Materials and Methods 
8.1. Strains and growth conditions.  

Strains are listed in Table 2. Details of strain growth conditions are described in the 

Supporting Information. 

8.2. General molecular biology techniques and plasmid construction.  

Plasmids, oligonucleotides and construction listed in Table 2. Details of molecular 

biology techniques are described in the Supporting Information. 

8.3. A. baumannii Mobile-CRISPRi system construction.  

An A. baumannii strain with the Mobile-CRISPRi (MCi) system from pJMP1183 (88) 

inserted into the attTn7 site (Figure 9A), which constitutively expresses mRFP and has an mRFP-

targeting sgRNA, has a growth defect when induced with 1mM IPTG (Figure 9B; “parent”). 

Strains with suppressors of the growth defect that still maintained a functional CRISPRi system 

were identified by plating on LB supplemented with 1mM IPTG and selecting white colonies (red 

colonies would indicate a no longer functional MCi system; Figure 9B-C). gDNA was extracted 

and mutations in the dCas9 promoter were identified by Sanger sequencing (Figure 9D). The 

Mobile-CRISPRi plasmid pJMP2748 is a variant of pJMP2754 (Addgene 160666) with the 

sgRNA promoter derived from pJMP2367 (Addgene 160076) and the dCas9 promoter region 

amplified from the A. baumannii suppressor strain gDNA with oJMP635 and oJMP636. Plasmid 

pJMP2776, which was used to construct the A. baumannii essential gene library and individual 

sgRNA constructs, was created by removal of the GFP expression cassette from pJMP2748 by 

digestion with PmeI and re-ligation. This system shows ~20-fold knockdown when targeting the 

GFP gene (Figure 9E). Plasmids were submitted to Addgene. 
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8.4. A. baumannii Mobile-CRISPRi individual gene and gene library construction.  

sgRNAs were designed to knockdown essential genes in A. baumannii 19606 using a 

custom python script and Genbank accession #s CP046654.1 and CP046655.1 as detailed in 

reference (87). Mismatch guides were designed and predicted knockdown was assigned as 

previously described (19). sgRNA-encoding sequences were cloned between the BsaI sites of 

Mobile-CRISPRi (MCi) plasmid pJMP2776. Methodology for cloning individual guides was 

described previously in detail (87). Briefly, two 24-nucleotide (nt) oligonucleotides encoding an 

sgRNA were designed to overlap such that when annealed, their ends would be complementary 

to the BsaI-cut ends on the vector. 

The pooled essential gene CRISPRi library was constructed by amplification of sgRNA-

encoding spacer sequences from a pooled oligonucleotide library followed by ligation into the 

BsaI-digested MCi plasmid. Specifically, a pool of sgRNA-encoding inserts was generated by 

PCR amplification with primers oJMP697 and oJMP698 from a 78-nt custom oligonucleotide 

library (2020-OL-J, Agilent) with the following conditions per 500 µL reaction: 100 µL Q5 buffer, 

15 µL GC enhancer, 10 µL 10mM each dNTPs, 25 µL each 10 µM primers oJMP897 and 

oJMP898, 10 µL 10 nM oligonucleotide library, 5 µL Q5 DNA polymerase, and 310 µL H2O with 

the following thermocycling parameters: 98°C, 30s; 15 cycles of: 98°C, 15s; 56°C, 15s; 72°C, 

15s; 72°C, 10 min; 10°C, hold. Spin-purified PCR products were digested with BsaI-HF-v2 

(R3733; NEB) and the size and integrity of full length and digested PCR products were 

confirmed on a 4% agarose e-gel (Thermo). The BsaI-digested PCR product (without further 

purification) was ligated into a BsaI-digested MCi plasmid as detailed in (87). The ligation was 

purified by spot dialysis on a nitrocellulose filter (Millipore VSWP02500) against 0.1 mM Tris, pH 

8 buffer for 20 min prior to transformation by electroporation into E. coli strain BW25141 

(sJMP3053). Cells were plated at a density of ~50,000 cells/plate on 150mm LB-2% agar plates 

supplemented with carbenicillin. After incubation for 14 h at 37°C, colonies (~900,000 total) 
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were scraped from the agar plates into LB, pooled, and the plasmid DNA was extracted from 

~1x1011 cells using a midiprep kit. This pooled Mobile-CRISPRi library was transformed by 

electroporation into E. coli mating strain sJMP3049, plated at a density of ~50,000 cells/plate on 

150mm LB-2% agar plates supplemented with carbenicillin and DAP. After incubation for 14 h at 

37°C, colonies (~1,000,000 total) were scraped from the agar plates and pooled, the OD600 was 

normalized to 27 in LB with DAP and 15% glycerol and aliquots of the pooled CRISPRi library 

were stored as strain sJMP2942 at -80°C. 

8.5. Transfer of the Mobile-CRISPRi system to the A. baumannii chromosome.  

The MCi system was transferred to the attTn7 site on the chromosome of A. baumannii by 

quad-parental conjugation of three donor strains—one with a mobilizable plasmid (pTn7C1) 

encoding Tn7 transposase, another with a conjugal helper plasmid (pEVS74), and a third with a 

mobilizable plasmid containing a Tn7 transposon encoding the CRISPRi system—and the 

recipient strain A. baumannii 19606. A detailed mating protocol for strains with individual 

sgRNAs was described previously (87). Briefly, 100 µL of culture of donor and recipient strains 

were added to 600 µL LB, pelleted at ~8000 x g, washed twice with LB prior to depositing cells 

on a nitrocellulose filter (Millipore HAWP02500) on an LB plate, and incubated at 37°C, ~5 hr. 

Cells were removed from the filter by vortexing in 200 µL LB, serially diluted, and grown with 

selection on LB-gent plates at 37°C. 

For pooled library construction, Tn7 transposase donor (sJMP2644), conjugation helper 

strain (sJMP2935), and recipient strain (sJMP490) were scraped from LB plates with 

appropriate selective additives into LB and the OD600 was normalized to ~9. An aliquot of 

sJMP2942 pooled library strain was thawed and diluted to OD600 of ~9. Eight mL of each strain 

was mixed and centrifuged at 8000xg, 10 min. Pelleted cells were resuspended in 4 mL LB, 

spread on two LB agar plates, and incubated for 5hr at 37°C prior to resuspension in LB + 15% 

glycerol and storage at -80°C. Aliquots were thawed and serial dilutions were plated on LB 
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supplemented with gent (150) and LB. Efficiency of trans-conjugation (colony forming units on 

LB-gent vs. LB) was ~1 in 107. The remaining frozen stocks were plated on 150 mm LB plates 

solidified with 2% agar and supplemented with gent (150) and incubated for 16 h at 37°C. Cells 

were scraped from plates and resuspended in EZRDM (Teknova) + 25mM succinate + 15% 

glycerol at OD600 = 15 and aliquots were stored at -80°C as strain sJMP2949. 

8.6. Library growth experiment.  

The A. baumannii essential gene CRISPRi library (sJMP2949) was revived by dilution of 

50 µL frozen stock (OD600 = 15) in 50 mL LB (starting OD600 = 0.015) and incubation in 250 mL 

flasks shaking at 37°C until OD600 = 0.2 (~2.5 h) (timepoint = T0). This culture was diluted to 

OD600 = 0.02 in 4 mL LB with 1mM IPTG and antibiotics (colistin, imipenem, meropenem, 

rifampicin, and no antibiotic control) in 14 mL snap cap culture tubes (Corning 352059) in 

duplicate and incubated with shaking for 18 h at 37°C (T1). These cultures were serially diluted 

back to OD600 = 0.01 into fresh tubes containing the same media and incubated with shaking for 

18 h at 37°C again (T2) for a total of ~10-15 doublings. Cells were pelleted from 1 mL of culture 

in duplicate at each time point (T0, T1, T2) and stored at -20°C. Final antibiotic concentrations 

were (in µg/ml): colistin (Sigma C4461): 0.44 and 0.67, imipenem (Sigma I0160): 0.06 and 0.09, 

meropenem (Sigma 1392454): 0.11 and 0.17, and rifampicin (Sigma R3501): 0.34. 

8.7. Sequencing library samples.  

DNA was extracted from cell pellets with the DNeasy gDNA extraction kit (Qiagen) 

according to the manufacturer's protocol, resuspending in a final volume of 100 µL with an 

average yield of ~50 ng/µL. The sgRNA-encoding region was amplified using Q5 DNA 

polymerase (NEB) in a 100 µL reaction with 2 µL gDNA (~100 ng) and primers oJMP697 and 

oJMP698 (nested primers with adapters for index PCR with Illumina TruSeq adapter) according 

to the manufacturer's protocol using a BioRad C1000 thermocycler with the following program: 

98°C, 30s then 16 cycles of: 98°C, 15s; 65°C, 15s; 72°C, 15s. PCR products were purified using 
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the Monarch PCR and DNA Cleanup and eluted in a final volume of 20 µL for a final 

concentration of ~20 ng/µL). 

Samples were sequenced by the UW-Madison Biotech Center Next Generation 

Sequencing Core facility. Briefly, PCR products were amplified with nested primers containing i5 

and i7 indexes and Illumina TruSeq adapters followed by bead cleanup, quantification, pooling 

and running on a Novaseq 6000 (150bp paired end reads). 

8.8. Library data analysis.  

For more information on digital resources and links to custom scripts, see Table 2. 

8.9. Counting sgRNA Sequences. 

Guides were counted using seal.sh script from the bbtools package (Release: March 28, 

2018). Briefly, paired FASTQ files from amplicon sequencing were aligned in parallel to a 

reference file corresponding to the guides cloned into the library. Alignment was performed 

using k-mers of 20 nucleotide length—equal to the length of the guide sequence.  

8.10. Condition Comparisons – Quantification and Confidence.  

Relative fitness scores (log2 fold change) and confidence intervals were computed using 

edgeR. Briefly, trended dispersion of guides was estimated and imputed into a quasi-likelihood 

negative binomial log-linear model. Changes in abundance and the corresponding false 

discovery rates were identified for each guide in each condition individually. Finally, log2 fold 

abundance changes were calculated by taking the median guide-level log2 fold change for 

perfect match guides; confidence was calculated by computing the Stouffer’s p-value (poolr R 

package) using FDR for individual guides across genes. Gene functional enrichment was 

determined using the STRING database (122). 
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8.11. CoMBaT-seq. 

CoMBaT-seq experiments consisted of two competing strains, one containing a non-

targeting guide and a second containing a guide targeting a gene of interest. CoMBaT-seq 

strains were added 1:1 in the presence or absence of the indicated antibiotic and grown as 

described in “library growth experiment” above. Strain abundance at the end of the experiment 

was quantified using Nanopore sequencing (performed by Plasmidsaurus or Azenta). 

8.12. Knockdown-Response Curves. 

Fitting of knockdown response curves is described in detail in the supplemental 

methods. Briefly, code was adapted from the drc (DoseResponse) R package to generate 4-

parameter logistic curves describing the relationship between predicted knockdown 

(independent) and the log2 fold change in strain representation (dependent) for all (~10) 

mismatch guides per gene. 

8.13. Supplementary Methods 

Strains and growth conditions. Escherichia coli and Acinetobacter baumannii were 

grown in Lennox lysogeny broth (LB) (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter; BD 

240230) at 37°C in a flask with shaking at 250 rpm, in a culture tube on a roller drum at max 

speed, in a 96 deep well plate with shaking at 900 rpm, or in a plate reader (Tecan Infinite 200 

Pro Mplex) with shaking. Culture medium was solidified with 1.5%-2% agar for growth on plates. 

Antibiotics were added when necessary: for E. coli, 100 µg/mL ampicillin (amp) or carbenicillin 

(carb), 15 µg/mL gentamicin (gent), or 30 µg/mL kanamycin (kan); and for A. baumannii, 150 

µg/mL gentamicin (gent) or 60 µg/mL kanamycin (kan). Diaminopimelic acid (DAP) was added 

at 300 µM to support growth of E. coli dap- donor strains. IPTG (isopropyl b-D-1-

thiogalactopyranoside) (0 to 1 mM) was added where indicated in the figures or figure legends. 

Strains were preserved in 15% glycerol at -80°C. pir-dependent plasmids were propagated in E. 
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coli strain BW25141 attTn7::acrIIA4 (sJMP3053) for DNA extraction and analysis or in E. coli 

strain WM6026 attTn7::acrIIA4 (sJMP3049) for conjugation. 

General molecular biology techniques and plasmid construction. Oligonucleotides 

were synthesized by Integrated DNA Technologies (Coralville, IA) except the pooled 

oligonucleotide libraries which were synthesized by Agilent (Santa Clara, CA). Plasmid DNA 

was purified using the GeneJet plasmid miniprep kit (K0503; Thermo Scientific) or the PureLink 

HiPure Plasmid Midiprep kit (K210005; Invitrogen). Genomic DNA was purified using the 

GeneJet genomic DNA purification kit (K0721; Thermo Scientific). DNA fragments were 

amplified by PCR with Q5 DNA polymerase (M0491; New England Biolabs (NEB)) or OneTaq 

DNA Polymerase (NEB). DNA was digested with restriction enzymes from NEB. DNA fragments 

were spin purified using the Monarch PCR & DNA cleanup kit (T1030; NEB) or the DNA Clean 

& Concentrator kit (D4004; Zymo Research) after digestion or amplification. Linearized plasmids 

were re-circularized using T4 DNA ligase (M0202; NEB). Plasmids were assembled from 

restriction enzyme linearized or PCR-amplified vector and PCR products or synthetic DNA 

fragments using the NEBuilder Hifi DNA assembly kit (E2621; NEB). Individual spacers were 

cloned into BsaI-digested Mobile-CRISPRi (MCi) plasmids by annealing of two complementary 

oligonucleotides followed by ligation with T4 DNA ligase (NEB). For additional technical details 

about cloning individual spacers, see below and reference (87). For details about the pooled 

CRISPRi library construction, see below. Plasmids were transformed into electrocompetent E. 

coli cells using a Bio-Rad Gene Pulser Xcell on the EC1 setting. Sanger DNA sequencing was 

performed by Functional Biosciences (Madison, WI). Next Generation Sequencing was 

performed by the UW-Madison Biotechnology Center Next Generation Sequencing Core using 

an Illumina NovaSeq 6000. 
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E. coli strain construction. E. coli pir+ cloning (sJMP3053) and mating (sJMP3049) 

strains expressing the Listeria monocytogenes prophage type II-A CRISPR-Cas9 inhibitor 

protein encoding gene acrIIA4 (177) were constructed to inhibit dCas9 during Mobile-CRISPRi 

library construction and conjugation. Additionally, the WT recA allele in E. coli strain sJMP3049 

was replaced with recA1 to decrease homologous recombination. 

Allelic replacement of chromosomal recA with recA1. An FRT-flanked 

chloramphenicol resistance (FRT-cat-FRT) cassette was inserted on the E. coli BW25141 

chromosome between mltB and srlA (closely linked to the recA1 allele) to facilitate allelic 

replacement. The FRT-cat-FRT cassette was amplified by PCR from plasmid pJMP1356 (88) 

using primers oJMP211 and oJMP212 (which also have 40 nt homology to the chromosomal 

insertion site), DpnI digested to destroy the plasmid, and inserted onto the chromosome of 

strain E. coli strain BW25141 (sJMP146) by λ-Red-mediated recombination using pSIM19 

(pJMP38) encoding the λ-Red proteins, as previously described (178), resulting in strain 

sJMP601. The allele was transferred to the E. coli WM6026 strain background (sJMP424) by 

P1–vir-mediated transduction, as previously described (179), resulting in strain sJMP604. The 

cat gene was removed by transformation with plasmid pCP20, encoding a constitutively 

expressed FLP recombinase (pJMP3008), as previously described (180), resulting in strain 

sJMP624. Identity of the recA1 allele was confirmed by PCR with flanking primers (oJMP201 

and oJMP202) followed by sequencing. 

attTn7::acrIIA4 gene insertion. A plasmid (pJMP3018) bearing a Tn7 transposon 

encoding the acrIIA4 gene under the control of a strong constitutive synthetic promoter and a 

chloramphenicol resistance cassette (FRT-cat-FRT) and a plasmid (pJMP442) encoding Tn7 

transposase were co-electroporated into E. coli strain BW25113 (sJMP006), using 

chloramphenicol to select for transposition into the attTn7 site, resulting in strain sJMP3030. 

The attTn7::acrIIA4 allele (Camr) was transferred to E. coli strain BW25141 or WM6026 
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expressing recA from an unstable mini-F plasmid (sJMP345 or sJMP3040, respectively) by P1–

vir-mediated transduction, as previously described (179). After serial passaging without 

selection, the resultant strains after plasmid loss are sJMP3034 or sJMP3043, respectively. The 

cat gene was removed by transformation with a plasmid encoding a constitutively expressed 

FLP recombinase (pJMP3008), as previously described (180) resulting in final strains 

sJMP3053 (E. coli strain BW25113 expressing acrIIA4) and sJMP3049 (E. coli strain WM6026 

expressing acrIIA4). 

Growth assay. Growth of A. baumannii 19606 WT (sJMP490) and attTn7::Mobile-

CRISPRi (sJMP6335) in LB with and without 1mM IPTG were compared to assess whether the 

Mobile-CRISPRi system causes a growth defect. Four individual isolates were grown overnight 

in 300µL LB in a deep well microtiter plate with shaking at 900rpm. Cultures were diluted 1:1000 

in LB or LB + 1mM IPTG and incubated in a plate reader for 16 hr at 37°C with shaking and 

growth was monitored by measuring OD600 every 15 min. This assay was repeated 3 times with 

4 independent colonies. Growthcurver (181) was used to compare growth parameters. 

Induction assay. Induction of the Mobile-CRISPRi system was assayed by GFP 

knockdown as described in (87) with adaptations for A. baumannii. Briefly, initial cultures (n=4) 

were grown from single colonies to saturation (18 h) in 300 µL LB + gent in a deep 96-well plate. 

These cultures were serially diluted 1:10,000 into 300 µL LB medium with no antibiotic and 0 to 

1 mM IPTG and grown back to saturation (15 h). Pelleted cells were resuspended in 300µL 1X 

PBS and 150 µL was transferred to a clear-bottom black microtiter plate and cell density was 

determined by OD600, and fluorescence was measured by excitation/emission at 482/515 nm 

using a Tecan Infinite 200 Pro M Plex plate reader. Fluorescence values were normalized to cell 

density and to measurements from strains not expressing GFP. This assay was repeated 3 

times with 4 independent colonies. 
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Stability assay. Six cultures of A. baumannii 19606 attTn7::Mobile-CRISPRi 

(sJMP6335) were serially diluted 1:104 in LB (no selection) and grown to saturation. These 

cultures were passaged every 24 h for 8 days with each passage being ~13 doublings for a total 

of ~104 doublings. The final culture was serially 1:10 diluted and 3 µL was spotted on plates 

with and without gent selection. Also, 50µL of culture was streaked on LB to obtain 44 isolated 

colonies that were then patched on plates with and without gent selection. No difference in 

plating efficiency or gent resistance was seen indicating that the Mobile-CRISPRi system 

remains stably incorporated on the A. baumannii chromosome for >100 generations even in the 

absence of selection. 

Tn7 insertion location. Insertion of the CRISPRi expression cassette into the Tn7 att 

site downstream from glmS in A. baumannii was confirmed by PCR with primers oJMP60 and 

oJMP398 (within CRISPRi transposon and upstream of insertion site), oJMP566 and oJMP399 

(downstream from insertion site and within the CRISPRi transposon), and oJMP398 and 

oJMP399 (flanking the insertion site). See Fig S1A. 

GO593_00515 knockdown lysis and plaque assay. A. baumannii strains with 

chromosomally located CRISPRi expression cassettes and E. coli MG1655 (sJMP163) were 

grown to saturation in liquid culture medium with or without antibiotic selection, respectively. 

Cultures were diluted 1:200 into nonselective medium and grown ~4 generations to mid-log. A. 

baumannii cultures were then diluted 1:10 into medium with 1 mM IPTG. P1 lysate was added 

to sJMP163 cultures as previously described as a lysis positive control (179). A. baumannii 

lysates were collected at 7 hours after induction and filter sterilized. Lysates were spotted on 

bacterial lawns of A. baumannii strain ATCC17978 (sJMP4002) to test for phage activity as 

previously described (179). 
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Prophage deletion construction and growth. We hypothesized that gene 

G0593_00515 is essential because it is repressing expression of toxic gene(s) in the predicted 

prophage (GenBank CP046654.1; 84,589-131,937). We should, therefore, be able to select for 

deletion of the prophage in an A. baumannii strain with a CRISPRi knockdown of G0593_00515 

because that would receive the toxicity. We used a two-step homologous recombination 

selection/counterselection approach to delete the prophage. First, we assembled homologous 

regions (~1 kb) upstream and downstream of the prophage (amplified by PCR with 

oJMP1568/1569 and oJMP1570/1571) adjacently with the AscI-EcoRI fragment of the R6K ori 

(pir-dependent) plasmid pJMP1183 which also contains kanamycin resistance and mRFP 

expression cassettes. This plasmid (pJMP4345) was transferred to the chromosome of 

an A. baumannii GO593_00515 CRISPRi knockdown strain (sJMP4341) by conjugation 

followed by homologous recombination with selection on LB + kan. Red colonies indicate that 

single-crossover mutants with the plasmid recombined into the genome were selected and 

grown to saturation in liquid medium. Second, we counter-selected against presence of the 

prophage by plating on LB with 1 mM IPTG to induce the CRISPR system. The GO593_00515 

knockdown has little detectable growth in inducer, so white colonies retaining the ability to 

grow should be prophage deletions where a second recombination event removed the 

integrated vector as well as the prophage. Eight individual isolates (strains sJMP4358-4366) 

were confirmed by PCR with oligos oJMP1241 and oJMP1242 (within GO593_00515) and 

oJMP1381 and oJMP1382 (flanking prophage). 

Prophage deletion/GO593_00515 growth curves. A. baumannii strains with 

chromosomally located CRISPRi expression cassettes with a non-targeting or GO593_00515-

targeting guide with and without deleted prophage (sJMP4324, sJMP4341, sJMP4358 and 

sJMP4360-4365, respectively) were grown to saturation in liquid culture medium with antibiotic 

selection. The cultures were diluted 1:200 (OD600 ~0.02) into nonselective medium with 0 or 1 
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mM IPTG and grown for 18 hours in a plate reader (Tecan Infinite 200 Pro M Plex) at 37°C with 

shaking; growth was measured as OD600. 

Analysis of growth phenotypes in strains expressing individual sgRNAs. Growth of 

A. baumannii strains with chromosomally located CRISPRi expression cassettes (3-6 individual 

isolates) was analyzed in a plate reader (Tecan Infinite 200 Pro M Plex at 37°C with orbital 

shaking) in the presence of IPTG inducer and antibiotics. For strains with sgRNAs targeting 

nuoH, nuoB, lpxC, and a non-targeting control (sJMP10073, sJMP10074, sJMP10076, and 

sJMP10081, respectively), after growth to saturation in liquid medium with antibiotic selection, 

cultures were diluted 1:1000 in media with 0.5 mM IPTG and grown for 18 hours prior to dilution 

1:1000 into media with 0.5 mM IPTG plus the following antibiotics (in µg/ml): colistin (2 or 4) or 

rifampicin (0.48 or 0.96), or no antibiotic control and monitoring of growth for 18 hrs. For strains 

with sgRNAs targeting murA, glnS, and a non-targeting control (sJMP10072, sJMP10079, and 

sJMP10080, respectively), after growth to saturation from individual colonies in liquid medium 

with antibiotic selection, cultures were diluted 1:200 in media with 1mM IPTG and grown ~4 

generations to mid-log phase prior to dilution 1:10 into media with 1mM IPTG plus the following 

antibiotics (in µg/ml): imipenem (0.09), meropenem (0.17), or no antibiotic control and 

monitoring of growth for 18 hrs. 

Checkerboard assays. Synergistic interactions between antibiotic pairs were evaluated 

using checkerboard assays in 96-well format. Two-fold serial dilutions of antibiotics were 

prepared in an 8×8 grid (Corning 3370) at 2× final concentration in LB medium (75 μL/well). For 

assays with A. baumannii 19606 WT (sJMP490), saturated cultures were diluted to OD600 = 

0.2 and 75 μL was added to each well (final volume 150 μL, starting OD600 = 0.1). Antibiotic 

concentration ranges were: fosfomycin (39-2500 μg/mL), imipenem (0.0125-8 μg/mL), and 

meropenem (0.025-16 μg/mL). For assays with A. baumannii Mobile-CRISPRi non-targeting 

strains (sJMP10081), the final volume was 200 μL containing 1 mM IPTG and antibiotic ranges 
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of colistin (0.09375-6 μg/mL) and rifampicin (0.0025-2.56 μg/mL). Plates were sealed and 

incubated at 37°C with shaking (900 rpm for WT, 600 rpm for CRISPRi strains) for 24h. Growth 

inhibition was defined as OD600 ≤ 10% of the maximum plate value. The fractional inhibitory 

concentration (𝐹𝐼𝐶) for each antibiotic (𝐹𝐼𝐶3and 𝐹𝐼𝐶4) was calculated as: 

𝐹𝐼𝐶3 =
[𝐴]5"6)"
𝑀𝐼𝐶3

 

𝐹𝐼𝐶4 =
[𝐵]5"6)"
𝑀𝐼𝐶4

 

where [𝐴]5"6)" and [𝐵]5"6)" represent the concentrations of each antibiotic in 

combination, and 𝑀𝐼𝐶3 and 𝑀𝐼𝐶4 represent their respective minimum inhibitory concentrations 

when used alone. The total FIC index was calculated as: 

𝐹𝐼𝐶#$7(8 = 𝐹𝐼𝐶3 + 𝐹𝐼𝐶4 

Combinations yielding 𝐹𝐼𝐶#$7(8 ≤ 0.5 were classified as synergistic, indicating enhanced 

efficacy of the antibiotics in combination compared to their individual activities. 

Imipenem-mupirocin assay. The A. baumannii CRISPRi non-targeting strain 

(sJMP10081) was initially grown overnight on LB agar plates and resuspended into LB 

containing final concentrations of 1 µg/µL mupirocin or 1 µg/µL mupirocin and two-fold serial 

dilutions of imipenem (0.0009-1 µg/µL). Cultures were grown to mid-log, diluted to an OD600 of 

~0.1, and incubated in a plate reader (Tecan Infinite 200 Pro M Plex at 37°C with orbital 

shaking) for 12 hours before measuring OD600.  

Permeability measurements. Strains containing sgRNAs targeting nuoB or non-

targeting control (sJMP10074 and 10081, respectively) were grown on LB agar plates 

containing 1mM IPTG overnight. Cell material was scraped off plates, resuspended in equal 
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volume PBS, and normalized to an OD600 of 0.3. Ethidium bromide (EtBr; Bio-Rad #1610433) 

was added to cell suspensions at a final concentration of 10 ug/mL, and OD600 and fluorescence 

at 545nm excitation/600 emission were read in a plate reader (Tecan Infinite 200 Pro M Plex). 

Readings occurred in ~1min intervals over the course of ~115 minutes. 

NAD+/NADH measurements. Assay was performed with NAD/NADH-Glo™ kit 

(Promega #G9071). Strains containing sgRNAs targeting nuoB or non-targeting control 

(sJMP10074 and 10081, respectively), inoculated from overnights or resuspended cells, are 

grown to mid-log in LB. Aliquots of cell cultures are collected and resuspended in PBS, and 

treated according to manufacturer protocol. Briefly, 100 uL of cell resuspension are treated with 

equal volume of base solution containing 1% dodecyltrimethylammonium bromide (DTAB) and 

split into two 50 uL samples for either NAD+ or NADH measurement. NAD+ samples are 

incubated with 25 uL 0.4N HCl at 60°C for 15 minutes, then neutralized with 25 uL Trizma base. 

NADH samples are treated with 50 uL HCl/Trizma solution. The prepared NAD/NADH-Glo 

Detection reagent is added in a 1:1 ratio and incubated for 30-60 minutes. Luminescence is 

measured using a plate reader (Tecan Infinite 200 Pro M Plex). 

Plots. Data were parsed and visualized using the tidyverse collection of packages and 

plotted using ggplot2 to generate Sankey plots, population bottleneck metrics, volcano plots, 

and bubble plots. Heatmaps were generated using the pheatmap R package. Custom plotting 

scripts can be found in the project GitHub repo. 

Functional enrichments. Functional enrichment analysis was conducted using 

STRING-db version 11.5. A custom proteome specific to A. baumannii ATCC 19606 was 

uploaded to STRING-db for analysis (Organism ID: STRG0060QIE). Gene knockdowns were 

ranked based on their relative fitness scores to identify enriched functional categories in each 

condition. STRING-db parameters for the enrichment were set according to default settings. 
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Model Selection and Comparison Methodology. We adapted the DRC package in R 

to analyze mismatch sgRNAs, focusing on parameters such as "shape," "value_min," 

"value_max," "ek_50," and "hormesis." Our framework extends dose-response relationship 

analysis by setting parameter constraints, starting values, upper and lower limits. We then 

compared the Brain-Cousens model with a hormesis parameter (BC-full) to its hormesis-free 

counterpart, the Log Logistic model (BC-reduced). Using the likelihood ratio test (LRT), genes 

were evaluated and determined to exhibit biphasic hormetic behavior based on systematic 

criteria, i.e., hormesis fit p-value ≤ 0.5, LRT p-value ≤ 0.5, and with any intermediate fitted value 

≥ 1, while terminal phenotype was negative.  
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Table 2: A. baumannii Library Construction and Analysis External Links 

Table URL 

Strains https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S1%20Strains.md  

Plasmids https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S2%20Plasmids.md  

Oligos https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S3%20Oligos.md  

Online Resources https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S4%20Online%20Resources.md  

Guides https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S5%20Guides.md  

Guides-level Results https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Re
sults/guide_level.html  

Gene-level Results https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Re
sults/gene_level.html  

Operon-level Results https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Re
sults/transcription_units.html  

Operon Annotations https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S7%20Operons.md  

Ortholog Analysis https://github.com/ryandward/acinetobacter_baumannii_CRISPRi_seq/b
lob/main/Table%20S8%20Orthologs.md  

  

https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/guide_level.html
https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/guide_level.html
https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/gene_level.html
https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/gene_level.html
https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/transcription_units.html
https://ryandward.github.io/acinetobacter_baumannii_CRISPRi_seq/Results/transcription_units.html
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Chapter 3. Pseudomonas aeruginosa Essential Gene 
Perturbations that Confer Vulnerability to the Mammalian 
Host Environment 
A version of this work is under review and is currently available on bioRxiv (182). 
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support. 
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3. Summary: 

Multidrug-resistant Pseudomonas aeruginosa causes highly morbid infections that are 

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

environment also plays a key role in inhibiting and eliminating pathogens. Identifying genetic 

targets that create vulnerabilities to the host environment may uncover strategies to synergize 

with nutrient limitation or inherent immune processes to clear bacterial infections. Here, we 

screened a partial knockdown library targeting P. aeruginosa essential and conditionally 

essential genes in a murine pneumonia model to identify genes with increased vulnerability in 

the host environment. We found that partial CRISPR interference (CRISPRi) knockdown of 178 

genes showed significant fitness defects in mice relative to axenic culture. We validated two 

important outliers: ispD, encoding a key enzyme in isoprenoid precursor biosynthesis, and 

pgsA, encoding an enzyme involved in phospholipid synthesis that is strongly upregulated in 

human infections. Partial knockdown of both genes showed decreased virulence in a mouse 

survival assay but had little impact on in vitro growth. The use of CRISPRi screening to uncover 

genetic vulnerabilities represents a promising strategy to prioritize antibacterial targets that 

interact with the host environment. 

4. 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, multidrug-resistant P. aeruginosa has been prioritized 

as a high priority pathogen by the World Health Organization in 2024 (183). While P. aeruginosa 

is estimated to have 321 core essential genes required for growth of multiple strains under 

multiple culturing conditions (69), only a small fraction of these genes have been targeted for 

inhibition by small molecule antibiotics in clinical use and clinical development (136). 
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Although antibiotics are useful for reducing the bacterial burden during infection, their 

interactions and potential synergy with the native host environment for bacterial clearance are 

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

inhibition in vitro may exceed that which is needed in vivo for specific targets, where the host 

environment including the immune system mediates clearance of the infection. For example, the 

synergy of β-lactam antibiotics with host-produced antimicrobial peptides has been shown to 

reduce the burden of bacteria demonstrating in vitro resistance to the β-lactam (184–188). 

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 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 fitness assessment through 

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

essentiality (189). 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 (190). 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, which is often characterized by downregulation or loss-of-

function mutations in virulence associated genes (191). Given that complete genetic inhibition 

strategies cannot be used to probe potential antibiotic targets that are essential in vitro, a partial 

genetic perturbation strategy enables us to probe this valuable category of genes.  
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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 (192), where partial genetic perturbation of essential genes can confer a 

quantifiable fitness defect that does not lead to a complete loss of viability. The significance and 

magnitude of gene vulnerability varies based on culture conditions and can be measured by 

depletion of the specific mutant from a pooled library (60, 75, 192–194). 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, blocking 

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 (87, 88, 195), which enables us to detect gene vulnerability under in vitro and in vivo 

settings. 

Previous work phenotyping essential and non-essential genes in mouse models of 

infection suffered from bottleneck effects or laborious library construction. An inducible CRISPRi 

screen of genes in the Gram-positive bacterium, Streptococcus pneumoniae, in a murine 

pneumonia model revealed new potential virulence factors and the non-essentiality of a 

potential antibiotic target that was considered essential in vitro (103). However, severe infection-

associated bottlenecks limited screen robustness: while 31 genes were identified to have 

greater in vivo vulnerability, knockdown of only one non-essential gene (purA) was confirmed to 
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attenuate virulence. Co-infection with influenza A virus overcame the infection bottleneck 

allowing for identification of additional virulence-associated genes. A more recent study used an 

inducible proteolytic degradation library of essential genes in Mycobacterium tuberculosis to 

study antibiotic-essential gene interactions in splenic and pulmonary murine infection model 

(196). Inducible degradation was achieved by systematically tagging the 3′ ends of essential 

genes with degradation tags (DAS) and expressing the Clp protease adaptor SspB by feeding 

mice doxycycline-containing chow. Although this strategy was effective at identifying drug-

essential gene synergies, construction of such a library is extremely resource intensive, limiting 

adoption in other bacteria. Further, some essential genes are recalcitrant to 3′ tagging due to 

disruption of protein folding. In contrast, the technology and methodology developed in the 

present study provides a blueprint for overcoming infection bottlenecks that can be readily 

translated to many other pathogens and infection models. 

Here, we developed a partial knockdown strategy that allowed us to probe the 

vulnerability of essential and conditionally essential P. aeruginosa genes in vivo [Figure 31]. We 

generated a pooled CRISPRi library of strains that showed little to no phenotype when grown in 

rich medium, then screened the library for in vivo vulnerability in a murine pneumonia model. 

Our approach enabled quantification and minimization of experimental bottlenecks by 

monitoring depletion of non-targeting control single guide RNAs (sgRNAs). We identified dozens 

of genes that are differentially vulnerable to the host environment, providing a resource for 

future therapeutic efforts. Finally, we follow up two intriguing hits, ispD and pgsA, showing that 

perturbation of these genes outside the pooled context allows for survival of mice that would 

otherwise succumb to infection with wild-type P. aeruginosa at the same dose. The simplicity of 

our strategy suggests that it will be broadly applicable.  
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Figure 31: Systematic Identification of Host-Specific Essential Gene 
Vulnerabilities in P. aeruginosa 

Overview of the CRISPRi screening approach for identifying in vivo essential genes in P. 
aeruginosa PA14. (A) Essential genes are identified from literature sources based on their necessity for 
growth in various media, including LB, urine, and sputum, resulting in 526 essential genes. (B) A partial 
knockdown library for PA14 is constructed using Mobile-CRISPRi with a weak constitutive promoter (P1) 
to partially inhibit these essential and conditionally essential genes. (C) The library is screened for growth 
effects both in vitro and in a murine pneumonia model, allowing comparison of gene essentiality across 
different environments. (D) Genes that are differentially vulnerable in the host versus LB growth 
conditions are identified, depicted as a heatmap to illustrate variations in gene vulnerability. 
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5. Results: 
5.1. Pooled Construction of a P. aeruginosa Essential Gene Knockdown Library  

To mitigate concerns pertaining to the extent and uniformity of gene knockdown when 

using an inducible CRISPRi promoter in an in vivo model, we previously characterized the 

efficacy of constitutive promoters expressing dCas9 to drive CRISPRi knockdown (87, 88, 195). 

We elected to use weakest promoter (P1 resulting in ~10-fold knockdown) for our essential gene 

knockdown library with the goal of causing a modest perturbation that would show limited fitness 

effects in vitro but potentially large effects in vivo. 

We selected 526 genes to target in our P. aeruginosa PA14 essential gene knockdown 

library based on a transposon sequencing study that identified the “core” essential genome for 

Pseudomonas (69). Genes that were deemed essential in at least one of the lab- or infection-

related growth media (lysogeny broth (LB), minimal medium (M9), synthetic Cystic Fibrosis 

sputum (SCFM), fetal bovine serum (FBS), and urine) were included in our library design. For 

each gene in the library, we designed four non-overlapping sgRNA spacers targeting the 5′ end 

of the coding sequence [Table 4] (87). To assess bottlenecks and control for the effects of 

CRISPRi knockdown during in vivo experiments, we included 1,000 non-targeting sgRNAs in 

the library as negative controls. Following cloning of the pooled spacer library, CRISPRi vectors 

were transferred to WT PA14 via triparental mating and were chromosomally integrated into 

attTn7 site, (87, 195). 

We quantified the representation of non-targeting sgRNAs using Illumina next generation 

sequencing (NGS), finding a normal distribution of spacer counts in the pooled mating strain 

library and in the pooled PA14 knockdown library (Figure 32). This suggests that there were no 

substantial technical bottlenecks in construction of the mating strain library for fitness-neutral 

guides. However, NGS revealed that 10 genes were not detected in the knockdown library after 

transformation into PA14 (Figure 32), possibly due to excessive knockdown for highly sensitive 
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genes. Ultimately, the PA14 knockdown library targeted 516 genes represented by at least one 

sgRNA (Table 3). 
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Figure 32: Guide RNA Representation Analysis During Library Construction 

Density plots showing the distribution of sgRNA counts (Counts per Million) for non-targeting (black) and 
gene-targeting (red) guides in the E. coli mating strain and the PA14 transconjugant. 
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Table 3: P. aeruginosa Guide Recovery per Gene in Experimental Conditions  

Number of guides recovered in each condition, including E. coli donor strain, PA14 transconjugant, LB 
cultures, and murine infection inocula (high and low dose). Table shows the number of genes with 0, 1, 2, 
3, 4, and >0 guides detected in each condition. 

        

  Number of guides per gene 

Sample Rep 0 1 2 3 4  >0 

E. coli mating strain 1 0 0 0 14 512 526 

PA14 transconjugant 1 10 30 63 125 298 516 

Initial inoculum 

1 54 82 101 115 174 472 

2 79 104 82 112 149 447 

3 46 73 103 112 192 480 

In vitro (LB) 6 generations 
1 45 73 102 107 199 481 

2 35 81 103 114 193 491 

In vivo 
(high inoculum) 

1 63 98 110 117 138 463 

2 52 88 122 124 140 474 

3 78 100 108 103 137 448 

In vivo 
(low inoculum) 

1 102 132 97 107 88 424 

2 99 114 95 105 113 427 

3 203 122 95 75 31 323 

4 80 101 111 105 129 446 

5 84 106 99 93 144 442 
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5.2. 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 (103, 130). 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 insufficient duration of infection resulting in too few 

bacterial doublings–all of which disallow robust detection of strain depletion.  

We sought to address these pitfalls in our experimental approach (Figure 33). First, we 

used direct intratracheal instillation (197), as we reasoned that it would outperform indirect 

delivery methods (e.g., intranasal instillation) which may generate an additional physical barrier 

and subsequent strain loss. Second, we minimized the loss of knockdown strains targeting 

highly vulnerable genes by inoculating mice with a dilution from a thawed glycerol stock, rather 

than allowing the pooled libraries to grow in axenic culture before inoculation. Third, we 

amplified sgRNA spacers for library quantification from P. aeruginosa colonies that grew after 

plating lung homogenates to avoid PCR issues that arose from attempting to amplify directly 

from the lung homogenates (Figure 33B). Finally, as a strategy to distinguish unique 

vulnerabilities associated with the infection environment from general growth defects conferred 

by repression of an essential gene, we carried out an in vitro screen in parallel to the in vivo 

screen (Figure 33C). 
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Figure 33: Murine Pneumonia Infection with the PA14 Essential Gene Knockdown 
Library 

(A) Two groups of mice (n=5 per group) were intratracheally instilled with the PA14 knockdown library at 
high (4.6 × 10¹¹ CFU/animal) or low (4.6 × 10¹⁰ CFU/animal) doses to assess infection dynamics. (B) After 
24 hours of infection, lung homogenates were plated on Pseudomonas isolation agar (PIA) containing 30 
μg/mL gentamicin. Colonies were harvested after 24 hours, and genomic DNA was extracted for amplicon 
library preparation and sequencing. (C) Concurrently, inoculum samples were cultured in 25 mL of LB 
medium and grown for six generations before plating on PIA with gentamicin, allowing comparison 
between in vivo and in vitro growth dynamics. 
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To ensure an appropriate P. aeruginosa inoculum for our acute infection experiments, 

two groups of five mice were intratracheally instilled with approximately 4.6E11 CFU/animal 

(high inoculum) and 4.6E10 CFU/animal (low inoculum) of the PA14 knockdown library (Figure 

33A). This 1-log variation in the bacterial inoculum drastically affected the ability of mice to clear 

the infection, yielding a screening bottleneck for the low inoculum group. In the low inoculum 

group, the recovery of animal temperature and weights by the 24-hour time point indicated 

drastic clearance of infection (Figure 34A). Indeed, the population of negative control sgRNAs 

was skewed in the lung homogenate samples recovered from this group, suggesting stochastic 

depletion independent of genetic perturbation (Figure 34B,C). NGS accordingly exposed 

bottlenecks in the samples recovered from mice infected with the diluted inoculum that 

prohibited downstream assessment of gene vulnerability. 

In contrast, this screening bottleneck was not apparent within the group of mice infected 

with the more concentrated inoculum. Two of the five mice succumbed to the infection during 

the 24-hour period, which may be attributable to septic shock, based on the relatively low weight 

loss coupled with large temperature change in the three surviving mice (Figure 34A). In the lung 

homogenates from the three surviving mice, approximately log-normal distributions of non-

targeting controls were recovered, implying the absence of a substantial strain bottleneck 

(Figure 34B). We evaluated the bottleneck size by calculating the population complexity of the 

library screened under axenic or in vivo conditions, finding that complexity of the non-targeting 

controls was similar under both conditions. (Figure 34C). The similarity of the distributions 

between the inoculum and in vitro samples suggests that the least fit strains in the PA14 

knockdown library had already been depleted during the library construction process (Figure 

34B). In contrast, the distribution of gene-targeting sgRNAs is more skewed in the in vivo 

sample, with a larger fraction of sgRNAs showing fewer counts, indicating that the fitness of 

many knockdown strains is reduced in the infection environment (Figure 34B).  
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Figure 34: Assessment of Guide RNA Population Maintenance 

(A) Individual changes in mouse rectal temperatures and body weights over 24 hours post-infection to 
assess physiological impacts. Each line represents data from a single animal. (B) Distribution of single 
guide RNA (sgRNA) counts recovered from the inoculum, in vitro culture, and lung homogenates from 
high and low inoculum cohorts, illustrating sgRNA representation across experimental conditions. (C) 
Population bottleneck analysis comparing non-targeting and gene-targeting constructs across in vitro 
growth and both high and low inoculum infection conditions. All plotted data show mean ± SEM, except 
for panel D, which represents individual animals.  
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5.3. 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. As the vast 

majority of genes in the library were targeted by multiple sgRNAs, we calculated the median 

extent of depletion of the corresponding knockdown strains to determine which essential gene 

perturbations conferred vulnerability to the mammalian host infection environment relative to 

nutrient-rich growth medium. Of the 516 genes targeted in the PA14 knockdown library, we 

were able to calculate changes in relative abundance for 466. Strains corresponding to 178 

genes were depleted (Log2 Fold Change (LFC) < -1, False Discovery Rate (FDR) < 0.05) after 

24 hours of growth in the mouse lung compared to cells grown in axenic culture (Figure 35A,B). 

In contrast, no significant in vitro vulnerabilities were detected when compared to the distribution 

of PA14 knockdown library strains in the inoculum, consistent with the idea that knockdown 

strains with strong negative phenotypes were largely absent from the starting PA14 library. 

(Figure 35B). The lack of detectable genetic vulnerabilities during in vitro growth supports the 

notion that strains in the library inoculum are fit for growth in a nutrition-rich environment.  
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Figure 35: PA14 Essential Gene Vulnerabilities Identified in In Vitro and In Vivo 
Screens 

(A) Volcano plots representing changes in strain composition for knockdown strains across two key 
comparisons: in vitro vs. initial (growth effects) and in vivo vs. in vitro (additional effects in mouse lung 
environment). Color intensity indicates sgRNA density, with darker colors representing higher density. 
The y-axis shows FDR (false discovery rate) on an inverted scale, and the x-axis shows the median log2 
fold change for each targeted gene. (B) Gene response classification for knockdown strains in in vitro and 
in vivo conditions. The Sankey diagram illustrates transitions between response categories: "Vulnerable" 
(red, FDR ≤ 0.05 and median log2 fold change < -1), "Resilient" (blue, FDR ≤ 0.05 and median log2 fold 
change > 1), and "No Response" (gray, FDR > 0.05). Width of connecting bands indicates the number of 
genes in each transition. (C, D) Competitive gene-set enrichment analysis using CAMERA for (C) Purine 
Biosynthesis and (D) LPS (Lipopolysaccharide) Biosynthesis & Outer Membrane pathways. Log2 fold 
change for guides targeting genes in these pathways is shown for in vitro vs. initial and in vivo vs. in 
vitro comparisons, with FDR values noted below each condition. Boxplots show median (center line), 
interquartile range (box), and 1.5× interquartile range (whiskers). Individual points represent individual 
guides, with point size reflecting guide-level significance (FDR). Red lines indicate the significance-
weighted median for significantly enriched gene sets (FDR ≤ 0.05). 
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We next investigated in vivo vulnerabilities at the pathway level using both gene-level 

and guide-level analyses. Our initial attempts to aggregate sgRNAs at the gene level failed to 

identify biological pathways that were enriched for vulnerability in vivo, likely due to increased 

noise of CRISPRi screening in the host environment relative to axenic culture. To overcome this 

limitation and better distinguish true signals from noise, we adopted a more nuanced approach. 

We analyzed all sgRNAs targeting genes within each pathway collectively, effectively increasing 

the number of measurements we could use to calculate pathway-level statistics. Using this 

guide-level analysis and competitive gene-set enrichment analysis (CAMERA), we identified 

several biological pathways that were significantly perturbed and well-represented in the 

knockdown library—specifically, pathways where at least 70% of the genes were targeted by 

sgRNAs [Table 4]. Notably, pathways involved in folate biosynthesis (KW-0289) and isoprene 

biosynthesis (CL:924) exhibited significant in vivo vulnerabilities when compared to the in vitro 

baseline, whereas arginine biosynthesis (CL:2388) exhibited in vivo resilience [Figure 36]. 

Additionally, the purine biosynthesis pathway (KW-0658) and the lipopolysaccharide 

biosynthesis and outer membrane assembly pathway (CL:957) also showed significant 

depletion in vivo (Figure 35C,D). This guide-level approach allowed us to detect critical 

pathways that may not have been identified through traditional gene-level analyses. 
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Figure 36: Competitive Gene-Set Enrichment Analysis Using CAMERA 

(A) Folate biosynthesis (KW-0289, 2/2 genes present), (B) Isoprene biosynthesis (CL:924, 5/5 genes 
present), and (C) Arginine biosynthesis (CL:2388, 5/5 genes present) pathways. Log2 fold change for 
guides targeting genes in these pathways is shown for in vitro vs. initial and in vivo vs. in vitro 
comparisons, with FDR values noted below each condition. Boxplots represent the distribution of log2 fold 
changes, and red lines indicate the significance-weighted median for each condition, when the gene-set 
enrichment is significant (FDR ≤ 0.05). The size of each point reflects guide-level significance (false 
discovery rate, FDR). 
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As expected, purine biosynthesis showed significant vulnerability at the pathway level 

(Figure 35C). Previous transposon insertion sequencing (Tn-seq) studies showed that multiple 

purine biosynthesis genes (purD, purE, purF, purH, purK, purL, purN) are dispensable for 

growth in rich medium but are required in synthetic sputum (SCFM), whereas purA and purB are 

essential in both media (69). A previous study also revealed the essentiality of purA in a S. 

pneumoniae murine pneumonia model Exploration of Bacterial Bottlenecks and Streptococcus 

pneumoniae. In our CRISPRi screen, significant gene-level vulnerability was detected for purA, 

purD, purF, purL, purN, but not for purB, purK, purL, and purN. Given that transposon disruption 

of purD, purF, purL, and purN does not significantly impede bacterial growth in rich media, 

inhibitors that exploit this in vivo vulnerability may not exhibit antibacterial activity in 

conventional assays, complicating development efforts. 

Similarly, CRISPRi knockdown of lipopolysaccharide (LPS) biosynthesis and outer 

membrane related genes showed significant in vivo vulnerability at the pathway level (Figure 

35D). Tn-seq studies have shown that all seven genes of the LPS transport complex (lptA, lptB, 

lptC, lptD, lptE, lptF, and lptG) are essential in both rich media and SCFM (69). Specifically, 

lptC, lptD, lptF, and lptG demonstrated significant vulnerability in the mouse lung environment, 

while lptA, lptB, and lptE did not show this context-specific depletion. In agreement with these 

findings, a conditional deletion of lptA (a.k.a., lptH) in PA01 has previously been shown to 

attenuate 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.  

The gene encoding the alternative σ factor, RpoN (rpoN), is a rare example of a 

knockdown that decreases in vivo vulnerability (Figure 35B). RpoN has been shown to regulate 

virulence pathways (198) and deletion of rpoN results in 100-fold less virulence in a mouse 

thermal injury model (199). However, P. aeruginosa commonly evolves rpoN loss-of-function 

mutations during chronic infection of cystic fibrosis patients, suggesting that loss of RpoN 
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activity may also improve strain fitness in certain contexts (191, 200, 201). 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 (202, 203). We speculate that virulence-related activities reduced by 

rpoN knockdown are effectively complemented by other strains in the pooled environment, 

allowing RpoN-deficient cells to escape host clearance mechanisms. 

5.4. Validation of Knockdown Vulnerability in Murine Pneumonia Model 

Next, we sought to validate hit genes from the pooled screen through assessing survival 

rates of mice infected with individually constructed knockdowns. Validation with individual 

knockdown strains could reveal any dependencies of the hypomorphic strain’s in vivo clearance 

on the presence of other constituents in the PA14 essential gene knockdown library. For 

example, deficiencies in one member of the library may only be partially compensated for by 

other co-infected members of the library in the case of virulence pathways mediated by secreted 

products, like siderophore production, or community dynamics (204). We pursued two 

independent strategies to select hypomorphic strains for validation studies: 1) strains that 

exhibited significantly greater in vivo vulnerability than in vitro vulnerability; 2) strains 

corresponding to core essential genes that were previously found to be upregulated during 

human infection. 

Under the first strategy, ispD stood out as the most confident hit and was selected for 

validation studies (Figure 35B). As part of the methylerythritol phosphate (MEP) pathway 

towards the non-mevalonate biosynthesis of isoprenoid precursors, IspD (2-C-methyl-D-

erythritol 4-phosphate cytidylyltransferase) catalyzes the formation of 4-diphosphocytidyl-2-C-

methyl-D-erythritol. Given most Gram-negative bacterial species use this non-mevalonate 

pathway whereas humans exclusively use the mevalonate pathway, IspD represents a potential 

antibacterial target that is currently unexploited in the clinic (205). While fosmidomycin is a 
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known inhibitor of the MEP pathway through inhibition of IspC (206), few IspD inhibitors with 

antimicrobial activity have been reported– limited to Plasmodium falciparum (207, 208), 

Acinetobacter baumannii (209), and biodefense pathogens Yersinia pestis and Francisella 

tularensis (210).  

Under the second strategy, pgsA stood out as the most confident hit and was selected 

for validation studies. As part of the selection process, we compared our set of in vivo 

vulnerable genes to a previously published dataset of genes known to be strongly upregulated 

during human infection (211). 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 (212). However, phenotypically and transcriptionally important genes 

were found to overlap when probing the effects of nutritional stress on metabolic genes (212). 

We hypothesized 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. Based on published datasets, we found that 

only 4 genes were both “core” essential (69) and significantly upregulated (>2 LFC) during 

human infection (211): lptA, lptG, pgsA, cysS. As previously mentioned, lptA and lptG are part of 

the lipopolysaccharide transport system, and a conditional deletion of lptA in P. aeruginosa has 

previously been shown to have attenuated virulence in a murine pneumonia model (213). The 

remaining two genes, pgsA and cysS, are involved in phospholipid biosynthesis and tRNA 

aminoacylation, respectively. Of the four genes, only lptG and pgsA exhibited significant 

vulnerability when comparing in vivo to in vitro conditions, indicating specific depletion in 

response to the mouse lung environment [Table 4]. Since pgsA was observed to be the most 

significantly upregulated of the four during human infections, the corresponding knockdown was 

chosen for validation studies. 
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Genetic knockdown mutants of ispD and pgsA, as well as a control non-targeting strain 

(NTC), were generated with Mobile-CRISPRi using the same P1 constitutive promoter from the 

pooled library. As expected, growth of the ispD and pgsA partial knockdown mutants in LB 

media was not substantially different from either WT PA14 or the non-targeting control strain 

(Figure 37A), demonstrating the lack of in vitro fitness defects.  
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Figure 37: Effects of ispD and pgsA Knockdowns on Virulence and Mouse 
Thermoregulation 

(A) In vitro growth curves of wild-type PA14, non-targeting control (NTC), ispD knockdown mutant, and 
pgsA knockdown mutant. Lines represent the mean, and shaded areas represent SEM across biological 
replicates. (B, C) Survival curves of mice infected with wild-type PA14, pgsA knockdown, ispD 
knockdown, or NTC mutants. (D, E) Changes in body temperature of mice infected with the indicated 
strains. Lines represent mean values, and shaded areas indicate SEM. (F, G) Temperature loss at 20 
hours post-infection with the indicated strains. Data are presented as mean ± SEM for 6 to 8 mice per 
group. Statistical analysis was performed using one-way ANOVA compared to wild type. **p ≤ 0.001; ***p 
≤ 0.0001. 
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To validate our screen and confirm that ispD and pgsA knockdowns were defective for 

pathogenesis outside of the pooled context, we monitored the survival of mice infected with ispD 

and pgsA hypomorphs individually. We intratracheally instilled planktonic monocultures of the 

pgsA and ispD knockdown mutants as well as the negative control strain and WT PA14 at 2E6 

CFU/animal. Mice infected with the ispD and pgsA mutants showed 100% survival over 4 days, 

while the mean survival time of mice infected with WT PA14 or the non-targeting control strain 

was substantially lower (Figure 37B, C). This difference in pathogenicity is also reflected by the 

observation that mice instilled with ispD or pgsA knockdown strains more rapidly recovered their 

body temperature post-infection (Figure 37D, E), including a statistically significant difference in 

temperature loss at the 20-hour time point (Figure 37F,G). These findings suggest that partial 

inhibition of the core essential genes pgsA and ispD significantly enhances infection clearance 

in vivo, despite the lack of noticeable phenotypic effects in vitro. 

6. Discussion: 

Our pooled in vivo CRISPRi screen reveals a heightened vulnerability to the host 

environment for 178 PA14 genes, providing a genetic resource for promising therapeutic 

targets. 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 have high 

therapeutic potential. 

Perturbation of both pgsA and ispD would both be expected to disrupt envelope 

functions in P. aeruginosa: pgsA by affecting phospholipid composition (214) and ispD by 

affecting the levels of isoprenoid precursors available for peptidoglycan synthesis (215). 

However, the precise mechanisms of how this disruption would cause increased sensitivity in 

vivo are unknown. Connections between bacterial isoprenoids and the human immune system 
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are well established, suggesting that immune detection could play a role (216). Vγ9/Vδ2 T cells 

are known to detect (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), a MEP 

pathway intermediate produced by the enzyme IspG (217). This special subset of T cells rapidly 

responds to the presence of microbes in human blood (216). As IspD lies upstream of IspG in 

MEP synthesis, the expectation would be that ispD knockdown would ultimately produce less 

HMB-PP and, therefore, reduce stimulation of Vγ9/Vδ2 T cells. Perhaps the potential effects on 

membrane disruption outweigh any potential immune evasion gained from reducing HMB-PP 

production. Future work will investigate the impacts of pgsA and ispD on cell physiology and 

membrane integrity. 

There are limitations to the experimental design of this study. Firstly, the vulnerability 

profiles are dependent on the extent of knockdown elicited by the P1 promoter and consistent 

efficacy across the sgRNAs targeting each 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. 

Secondly, 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 likely does not match in vitro generation time, further complicating the 

comparison. Lastly, loss of function hypomorphs generated by gene knockdowns do not 

precisely mimic the effects of small molecule antibiotics, which may produce effects more like 

specific genetic alleles (e.g., loss of function in a specific domain or gain of function). 
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Importantly, the genetic vulnerability insights gleaned in this study may be a proxy for P. 

aeruginosa vulnerability to chemical inhibitors, revealing possible targets for small molecule 

inhibitors. Partial perturbation of genes corresponding to enzymes with natural substrates is akin 

to non-competitive chemical inhibition, as target depletion is equivalent to reducing Vmax while 

leaving Km unchanged (218). Furthermore, emerging therapeutic modalities such as CRISPR 

systems, targeted protein degradation, or antisense technology closely mimic the results of our 

partial genetic inhibition approach. However, just as the development of non-traditional 

antibacterials targeting virulence pathways 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 (219) 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 (136), the concept of 

achieving high efficacy of bacterial clearance with a reduced drug dose is especially pertinent.  

7. Data and code availability 

The DNA sequencing data have been deposited at NCBI BioProject as Database: 

PRJNA117831. All code is openly available on GitHub ryandward/pseudomonas_analytics. 

8. Materials and Methods: 
8.1. Strains and Growth Conditions  

Escherichia coli and Pseudomonas aeruginosa were grown in lysogeny broth (LB), 

Lennox (BD240230; 10 g tryptone, 5 g yeast extract, 5 g NaCl per liter) at 37°C aerobically in a 

file:///Users/ryandward/Library/Containers/com.microsoft.Word/Data/Library/Preferences/AutoRecovery/ryandward/pseudomonas_analytics
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flask with shaking at 250 rpm or in a culture tube on a roller drum. For growth on plates, LB was 

solidified with 1.5-2% agar (BD 214530). Antibiotics were added when necessary: E. coli (100 

µg/mL ampicillin or carbenicillin, 15 µg/mL gentamicin) and P. aeruginosa (30 µg/mL 

gentamicin). Diaminopimelic acid (DAP) was added at 300 µM to support growth of DAP-

auxotrophic E. coli strains. All strains were preserved in 15% glycerol at -80°C. Strains are listed 

in Supplementary Table 4. 

8.2. Mobile-CRISPRi Individual Gene and Gene Library Construction 

sgRNAs were designed to knockdown essential genes (4 guides/gene plus 1000 non-

targeting controls, 3112 total) in P. aeruginosa PA14 using a custom python script and P. 

aeruginosa genome sequences; RefSeq accession numbers NC_002516.2 and NC_008463.1 

(87). Gene knockdowns included in the library were selected based on essential and 

conditionally essential genes defined in multiple growth conditions including LB, M9 minimal 

media, sputum, serum, and urine, with targeted genes [Table 4]. sgRNA-encoding sequences 

were cloned into Mobile-CRISPRi (MCi) plasmid pJQ47 (pJMP2632, Addgene 134646, which 

has the sgRNA expression under control of the pTrc promoter and Homo sapiens codon-

optimized S. pyogenes dCas9 expression under control of the Anderson BBa_J23117 weak 

constitutive promoter (195). 

For individual gene construction, the plasmid vector was purified using the Purelink 

HiPure Plasmid Midiprep kit (Invitrogen K210005) and digested with BsaI-HFv2 (NEB R3733). 

Two 24-nucleotide oligonucleotides ("top" and "bottom") encoding an sgRNA were designed 

with appropriate overhangs for Golden Gate Assembly. Oligos (2 µM each) were separately 

treated with T4 polynucleotide kinase and then annealed in 1X CutSmart buffer (NEB) at 95ºC 

for 5 min followed by cooling to room temperature. The annealed insert (2 µL of a 1:40 dilution) 

was ligated into 50 ng BsaI-digested vector using T4 DNA ligase (NEB M0202). Plasmids were 

transformed into electrocompetent pir+ E. coli strain BW25141 and purified using the GeneJet 
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Plasmid Miniprep kit (Thermo K0503). Following sequence confirmation, plasmids were 

transformed into electrocompetent pir+ E. coli mating strain WM6026. 

Pooled CRISPRi plasmid libraries were cloned as described previously with minor 

modifications (26). A pooled sgRNA library [Table 4] was ordered as single-stranded DNA 

oligonucleotides (Twist Bioscience) and generated by PCR amplification using Q5 DNA 

polymerase with the following components per 100 µL reaction: 20 µL Q5 buffer, 3 µL GC 

enhancer, 2 µL 10mM each dNTPs, 5 µL each 10 µM primers oJMP852 and oJMP853, 2 µL 10 

nM oligonucleotide library, and 1 µL Q5 DNA polymerase (NEB M0491). Thermocycling 

conditions were: 98°C for 30s; 15 cycles of 98°C for 15s, 56°C for 15s, 72°C for 15s; followed 

by final extension at 72°C for 10 min. PCR products were digested with BsaI-HFv2 and ligated 

into BsaI-digested MCi plasmid (87). The ligation was purified by spot dialysis on nitrocellulose 

filter against 0.1 mM Tris, pH 8 buffer for 20 min. The library was transformed into E. coli 

BW25141, achieving approximately 90,000 colonies (~30x coverage) across multiple plates. 

Colonies were pooled, plasmid DNA extracted, and transformed into WM6026 mating strain, 

yielding approximately 300,000 colonies (~100x coverage). Library stocks were normalized to 

OD600 = 8 in LB with DAP and 15% glycerol for storage at -80°C. 

8.3. Transfer to P. aeruginosa PA14 

The Mobile-CRISPRi system was transferred to PA14 through tri-parental mating as 

described for individual guides and for pooled library construction (26) with minor modifications. 

Donor strains (E. coli WM6026 containing either the CRISPRi plasmid or Tn7 transposase) were 

grown in LB with ampicillin and DAP, while the PA14 recipient was grown in LB without 

supplements. Cultures were normalized to OD600 ~3 and mixed in equal proportions (100 µL of 

each strain for individual constructs; 1.2 mL of each strain for library construction). Mixed cells 

were spotted onto cellulose filters (13 mm for individual constructs, 25 mm for library; MF-

Millipore HAWG01300 or HAWG02500) and incubated at 37°C for 5 hours. Cells were 
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recovered and plated on selective media (LB with gentamicin, no DAP). For library construction, 

approximately 240,000 colonies (~80x coverage) were collected. Library stocks were 

normalized to OD600 = 10 in LB with 15% glycerol for storage at -80°C. 

8.4. Mouse infection with pooled Mobile-CRISPRi 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. 

Pathogen-free male C57BL/6J mice at 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 every 6 hours 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 under sterile conditions. 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 gentamicin 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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8.5. Mouse infection with single strains 

In separate experiments, 5 mL ON cultures of ispD-P1, pgsA-P1, mrfp-P1, and WT single-

strain knockdown mutants in LB +/- 30 μg/mL gentamicin were grown from glycerol stocks at 

37 °C with shaking at 225 rpm. After 16 hours, cultures were diluted 1:100 in 3 mL LB +/- 30 

μg/mL gentamicin and were incubated with shaking until OD600nm measured 0.64 (approximately 

3 hours). 1 mL of the sub-culture was washed and resuspended in 1 mL PBS. The suspensions 

were diluted according to predetermined calculations based on OD600nm measurements to yield 

a target inoculum of 2E6 CFU/animal. Each group contained 6 to 8 C57BL/6 mice at 8 to 12 

weeks of age obtained from Jackson Laboratory, and the prior mouse infection protocol was 

followed. Survival was measured over 96 hours with temperature and weight measured every 6 

hours.  

8.6. 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 reads) for robust detection of strain depletion. 

8.7. 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 
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Instruments, VT) with continuous, fast, double orbital shaking. Samples were blanked with a 

well containing LB media. Results are representative of three technical replicates and at least 

two biological replicates. 

8.8. Guide RNA Sequence Abundance Analysis 

Sequencing data were filtered to include samples with >5 million reads and >85% 

mapping rate. Analysis was performed using edgeR (v4.2.0) with a quasi-likelihood negative 

binomial model framework, comparing three conditions: initial inoculum, in vitro growth, and in 

vivo growth (high-inoculum samples only, due to increased noise in low-inoculum conditions). 

Control guides served as reference for baseline corrections. For genes with multiple guides, 

significance estimates were combined using Stouffer's method and effect sizes were 

summarized using median log-fold changes. Statistical significance was assessed using quasi-

likelihood F-tests with FDR correction for multiple comparisons. Data analysis and visualization 

were performed using R (packages: edgeR v4.2.0, data.table v1.15.4, ggplot2 v3.5.1). 

8.9. Population Bottleneck Estimations 

Population bottleneck sizes were estimated using frequency-based calculations as 

described in Abel, et al. (130). Guide frequencies were compared between the initial inoculum 

and each subsequent condition to estimate the effective population size (Nb) maintained 

through each transition. Analysis was performed separately for control and knockdown guides. 

The average Nb values were calculated across replicates for each condition, with error bars 

representing standard error of the mean. This analysis provides quantitative estimates of the 

population complexity preserved throughout different stages of the experiment. 

8.10. Gene-Set Enrichment Analysis 

Functional enrichment analysis was performed using predicted genome interactions from 

STRING-DB (v12.0.2) using the P. aeruginosa UCBPP-PA14 proteome (accessible at 

https://version-12-0.string-db.org/organism/STRG0A01FJP
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https://version-12-0.string-db.org/organism/STRG0A01FJP). Guide-level differential abundance 

results were analyzed using camera (limma v3.60.0) to perform competitive gene set testing, 

with control guides serving as the background set. Gene sets were derived from STRING-DB 

functional annotations including Gene Ontology terms, protein domains, and pathway 

annotations. Results were filtered based on false discovery rate (FDR) with enrichment direction 

and magnitude reported for each significant term. 

  

https://version-12-0.string-db.org/organism/STRG0A01FJP
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Table 4: P. aeruginosa Library Construction and Analysis External Links 

Table URL 

Guide RNA Library  https://github.com/ryandward/pseudomonas_analytics/blob/main/Supplementary
%20Tables/Supplementary%20Table%201.xlsx  

Guide-level 
Results 

(Sheet 1) https://github.com/ryandward/pseudomonas_analytics/blob/main/Supplementary
%20Tables/Supplementary%20Table%202.xlsx  Gene-level Results  

(Sheet 2) 

Gene-set 
Enrichment 

Results  
https://github.com/ryandward/pseudomonas_analytics/blob/main/Supplementary
%20Tables/Supplementary%20Table%203.xlsx  

Strains  
(Sheet 1) 

https://github.com/ryandward/pseudomonas_analytics/blob/main/Supplementary
%20Tables/Supplementary%20Table%204.xlsx  

Plasmids 
(Sheet 2) 

Oligonucleotides 
(Sheet 3) 
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Chapter 4. Genetic Determinants of Carbapenem 
Susceptibility and Resistance in Enterobacterales 
1. Authors 

Ryan D. Ward, Nathan Smith, Luisa Lee, and Jason M. Peters 

2. Contributions 

RDW conceptualized and executed the experimental framework, performed all molecular cloning and 
library construction, directed validation experiments, and conducted comprehensive data analysis. 

NS and LL conducted bacterial growth measurements. 

JMP designed the underlying CRISPRi libraries and provided project funding. 

3. Abstract 

Infections caused by antibiotic-resistant Enterobacterales species, such as Escherichia 

coli, Enterobacter cloacae, and Klebsiella pneumoniae are an increasing threat to public health. 

Few therapeutic options remain for Enterobacterales strains resistant to last-resort antibiotics, 

such as carbapenems. Thus, approaches that can identify new genetic vulnerabilities in these 

species or identify mechanisms of resistance could provide much needed therapeutic targets. 

Here, we use genome-scale CRISPRi (CRISPR interference) knockdown libraries in E. coli, E. 

cloacae, and K. pneumoniae, to identify genes that are sensitive to depletion (vulnerable) or 

play roles in susceptibility or resistance to carbapenems. Overall, we find substantial 

concordance between vulnerable genes in all three species, with notable exceptions in core 

pathways such as oxidative phosphorylation. Varying susceptibility of tol-pal knockdown strains 

to carbapenems across species points to genetic robustness in systems that promote small 

molecule efflux and maintain membrane integrity. Knockdowns of the genes encoding the RNA-

binding protein ProQ showed also distinct phenotypes across species, suggesting “re-wiring” of 

RNA regulatory networks over a relatively short evolutionary distance. Genetic interaction 
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analysis of an E. coli ∆proQ mutant showed that control of cellular energy systems may underly 

its carbapenem-resistant phenotype. Our study highlights both consistencies and distinctions 

between genetic vulnerablities in Enterobacterales that can be used to inform general or 

species-specific approaches to future therapies. 

4. Introduction 

Antimicrobial resistance (AMR) poses an urgent public health challenge, with bacterial 

AMR directly causing 1.27 million deaths and contributing to 4.95 million deaths globally in 2019 

(1). The impact extends beyond mortality – in the United States alone, resistant infections add 

$20 billion in direct healthcare costs and approximately $35 billion in lost productivity annually 

(3), disproportionately affecting resource-constrained and rural hospitals (4–7). Extended-

spectrum β-lactamase (ESBL)-producing Enterobacterales, particularly Escherichia coli, 

Klebsiella pneumoniae, and Enterobacter cloacae, represent a critical subset of this threat due 

to their intrinsically low membrane permeability and multiple resistance mechanisms (2). The 

stagnation in antibiotic development – with no new classes introduced between 1962 and 2000 

(10) – has made preserving the efficacy of existing last-resort antibiotics like carbapenems 

increasingly important (157). This economic reality, combined with the increasing prevalence of 

carbapenem resistance, drives the need to understand how these pathogens evolve and adapt 

under antibiotic pressure. 

Carbapenems, such as imipenem, represent a unique class of β-lactam antibiotics - 

while extended-spectrum β-lactamases (ESBLs) degrade most β-lactams including third-

generation cephalosporins, carbapenems remain effective against ESBL-producing organisms 

(220). However, carbapenemase genes spread rapidly among Gram-negative pathogens 

through horizontal gene transfer (221), creating complex fitness landscapes. Though β-

lactamase production directly inactivates antibiotics, cellular responses to carbapenem 

exposure affect multiple pathways. The peptidoglycan synthesis machinery functions within a 
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network where membrane transport controls antibiotic entry (11), metabolic pathways supply 

cell wall precursors (158), and stress responses alter gene expression across pathways (32). 

The peptidoglycan cell wall serves as both the carbapenem target and shapes 

resistance evolution. Like other β-lactams, carbapenems block the transpeptidase activity of 

penicillin-binding proteins (PBPs), preventing crosslinking of new peptidoglycan into the existing 

matrix (220, 221). Bacteria develop resistance through multiple mechanisms: acquiring 

carbapenemase genes through horizontal transfer (221), accumulating mutations in cellular 

pathways (36), and activating stress responses (222). While sequencing identifies acquired 

resistance genes, mutations have less predictable effects. Many mutations initially reduce 

protein function and appear deleterious until compensatory changes accumulate under antibiotic 

pressure (32, 223, 224). The "less is more" evolutionary hypothesis proposes these loss-of-

function mutations actively drive adaptation (225). For instance, RNA polymerase mutations in 

Pseudomonas aeruginosa alter peptidoglycan precursor levels, leading to unexpected changes 

in β-lactam susceptibility (32) and disruptions to cell wall function (33). Similarly, in methicillin-

resistant Staphylococcus aureus (MRSA), low-affinity PBP2a enables continued but 

compromised cell wall synthesis (34), these adaptations frequently result in reductions in growth 

and fitness that drive reversion to wild-type phenotypes in antibiotic-free conditions (35). 

Loss-of-function mutations occur through two mechanisms: physical removal through 

recombination or mobile elements, or deleterious mutations in coding regions (226). Mutations 

are prevalent in bacterial populations, particularly during range expansions where high mutation 

rates and genetic drift facilitate the accumulation of deleterious variants, thereby reducing 

fitness (227). The impact of these mutations varies—some create complete functional 

knockouts while others retain partial activity through alternative start codons or incomplete 

disruption of functional domains (228). In pathogenic bacteria, loss-of-function mutations 

contribute to increased phenotypic diversity and enhanced drug resistance (229), particularly 
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when they affect genes involved in DNA repair or cellular regulation. For instance, long-term 

evolution experiments with Escherichia coli demonstrated that hypermutability caused by DNA 

repair mutations accelerates mutation accumulation, enabling rapid adaptation to selective 

pressures despite the burden of deleterious variants (230). Such dynamics may similarly 

operate in nosocomial pathogens, where high antibiotic pressures favor temporary 

hypermutability, potentially shaping resistance development. 

CRISPR interference (CRISPRi)-based perturbation extends these natural observations 

by systematically examining how reduced gene expression affects carbapenem susceptibility. 

By targeting essential and non-essential genes across multiple Enterobacterales species, this 

approach experimentally models the functional consequences of loss-of-function mutations. 

Through systematic perturbation of gene expression under antibiotic pressure, this comparative 

functional genomics work examines how bacteria balance the deleterious effects of essential 

gene disruption against potential selective advantages.  

5. Results 
5.1. Construction and validation 

To establish CRISPRi systems that were efficacious in E. coli, E. cloacae, and K. 

pneumoniae, we compared six IPTG-inducible promoters to drive dCas9 expression: PLlacO-1 

and five synthetic designs (B, G, I, J, K, (231)). Using GFP knockdown in E. coli as our test 

system, PLlacO-1 showed the strongest repression at 24-fold but exhibited significant leakiness, 

dropping uninduced GFP to 40% of control levels. Promoter B produced 18-fold knockdown 

while better maintaining uninduced expression at ~60% of control. Promoter I achieved similar 

performance with 16-fold repression. We eliminated promoters G, J, and K from consideration 

due to weak knockdown (12-fold, 8.6-fold, and 2-fold respectively, [Figure 38]). Moving to other 

species, we tested PLlacO-1, B, and I in both E. cloacae and K. pneumoniae. E. cloacae strains 

showed tight regulation with promoter B producing 22-fold repression without detectable 
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leakiness, while promoter I drove even stronger knockdown at 26-fold. In K. pneumoniae, 

promoter I generated 26-fold repression while keeping uninduced expression high at 90% of 

control. These results led us to choose promoter B for E. coli and E. cloacae libraries and 

promoter I for K. pneumoniae, balancing maximum knockdown with minimal leaky expression. 
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Figure 38: Evaluation of CRISPRi Activity Ccross IPTG-Inducible Promoters in 
Diverse Enterobacterales Species 

Assessment of promoter performance using three matched reporter constructs [Table 8]. Data is shown 
on a reverse log scale (y-axis) where 1.0 (dotted line) represents GFP levels in the absence of any guide 
RNA. All measurements are normalized to the median no-guide control value for each organism (no-
guide SEM = 0.01-0.05 across all species). Light colored bars show uninduced GFP levels relative to no-
guide control, indicating unintended CRISPRi activity. Dark colored bars of the same hue show induced 
GFP levels, demonstrating maximal knockdown capability for each promoter. Numbers in the induced 
bars indicate fold-repression achieved upon induction relative to uninduced samples. Promoters are 
grouped by organism, with consistent x-axis ordering within each group. 
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We developed a genome-wide CRISPRi platform to systematically assess gene 

vulnerabilities under knockdown and antibiotic treatment conditions. The CRISPRi libraries, 

constructed using Mobile-CRISPRi vectors, were stably integrated into the chromosomes of E. 

coli, E. cloacae, and K. pneumoniae. Each library consisted of over 20,000 strains per 

organism, targeting all genes with either perfect match guides (non-essential genes) or perfect 

and mismatch guides (for putative essential genes) to achieve tunable knockdown. Essential 

gene targets were selected based on orthology mapping to existing E . coli Tn-seq 

datasets [Figure 39A]. This design enabled us to examine both gene essentiality and the 

interaction between knockdown and imipenem treatment. 

To identify sub-lethal imipenem concentrations that could be used for phenotyping, we 

evaluated pooled fitness across the entire library in the presence of imipenem in LB (lysogeny 

broth). Real-time growth kinetics were measured across two-fold dilutions (0.125–32 ng/μL) in a 

96-well format, and the experiments were performed in triplicate to ensure reproducibility [Figure 

39B]. Consistent trends in growth behavior across replicates indicated predictable population-

level responses, with no evidence of unexpected phenomena such as spontaneous mutations 

leading to resistance. Based on these observations, "low" and "high" imipenem doses were 

selected qualitatively for each organism, targeting concentrations that produced observable 

growth inhibition without causing complete population collapse. Growth curves revealed 

species-specific differences in pooled fitness under uninduced and induced knockdown 

conditions across these selected concentrations [Figure 39C]. 
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Figure 39: Systematic Approach to Optimize Drug-Gene Interaction Across 
Enterobacterales Using Mobile-CRISPRi 

(A) Comprehensive library design and construction strategy. Essential genes were identified through 
orthology mapping to existing Tn-seq datasets from E. coli. A genome-wide CRISPRi library was 
designed incorporating both perfect match and mismatch guides to achieve tunable knockdown. The 
library was delivered via Mobile-CRISPRi integration vectors, enabling stable chromosomal insertion 
across target species. (B) High-throughput dose optimization workflow. Drug concentrations were 
systematically evaluated in 2-fold dilutions (0, 0.125-32 ng/μL) in LB (lysogeny broth) using a 96-well 
format to identify sub-lethal doses that produced observable growth phenotypes while maintaining cell 
viability. Selected doses were then grown further in larger culture volumes. (C) Species-specific growth 
responses to antibiotic treatment. Growth curves of E. cloacae, E. coli, and K. pneumoniae under 
uninduced (blue) and induced (red) conditions across optimized drug concentrations (0, 0.125, 0.25, 0.5, 
and 1 ng/μL). Bands represent the range across three replicates. 
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Relative fitness score (RFS) was modeled for each strain (𝑖) using: 

𝑅𝐹𝑆# = 𝛽, + 𝛽#$795(7,# + 𝛽&8	7;9< + 𝛽-8	7;9< + 𝜖# 

Here, 𝛽, represents the baseline fitness, 𝛽#$795(7,#captures the fitness impact of inducing 

knockdown for each strain, 𝛽&8	7;9<	and 𝛽-8	7;9< model the effects "low" (1×) and "high" (2×) 

doses of imipenem, and 𝜖# accounts for residual variability. This equation captures the pooled 

fitness effects across all strains and conditions, allowing us to model gene vulnerabilities and 

their interaction with antibiotic pressure.  

To evaluate the effectiveness of CRISPRi in identifying essential genes, we compared it 

against two established E. coli genetic resources: the Keio collection of single-gene knockouts 

(65) and the ultra-dense Tn-seq dataset from Goodall, et al. (232). The Keio collection provides 

direct experimental validation of gene essentiality through systematic deletion attempts. Tn-seq 

approximates essentiality by measuring the size of insertion-free regions in the genome, with 

larger gaps suggesting stronger selection against disruption. However, this structural approach 

can be biased by gene length and local sequence composition. In contrast, CRISPRi directly 

measures the fitness consequences of reducing gene expression over time (60). 

Using receiver operating characteristic (ROC) analysis with the Keio collection as ground 

truth, we found that CRISPRi achieved an area under the curve (AUC) of 0.89, compared to 

0.94 for Tn-seq [Figure 40A]. To understand this difference, we examined the true positive rate 

(TPR) – the fraction of Keio-validated essential genes correctly identified by each method. The 

TPR analysis revealed that while Tn-seq excels at identifying completely non-viable mutants, 

CRISPRi detects a broader range of fitness defects through partial gene repression. To quantify 

these methodological differences, we developed a ΔTPR metric comparing STRING database 

pathways (122) assessing CRISPRi and Tn-seq: 
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Δ𝑇𝑃𝑅=>?@A>B = 𝑇𝑃𝑅#C1DE=1# − 𝑇𝑃𝑅#
2FE(G 

Analysis of ΔTPR values revealed major discrepancies between direct fitness 

measurements by CRISPRi and structural predictions by Tn-seq. Two pathways emerged as 

the strongest examples: genes encoding the proton-motive force machinery (ΔTPR = -0.81) and 

NADH dehydrogenase complex I (ΔTPR = -0.64) showed severe pooled growth defects under 

CRISPRi knockdown despite lacking the large insertion-free regions typically associated with 

essential genes in Tn-seq data [Figure 40B]. This demonstrates how structural approaches can 

miss genes where partial loss of function significantly impairs growth even though complete 

deletion is tolerated. The quantitative nature of these phenotypes matches the mechanism of 

most antibiotics, which reduce rather than eliminate target protein function, suggesting that 

CRISPRi can recover gene targets with therapeutic relevance that were missed by other 

approaches. 
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Figure 40: Comparison of CRISPRi and Tn-seq Approaches for Identifying 
Essential Genes in E. coli 

(A) Receiver operating characteristic (ROC) curves comparing how well CRISPRi (blue) and Tn-seq (red) 
identify essential genes defined by the Keio collection. The area under the curve (AUC) values indicate 
that while Tn-seq shows higher concordance with binary essentiality classifications (AUC = 0.94), 
CRISPRi retains substantial predictive power (AUC = 0.89) despite measuring continuous fitness effects. 
(B) Vulnerability of E. coli genes measured by CRISPRi. The x-axis shows statistical confidence (adjusted 
p-value) while the y-axis shows relative fitness score (RFS, log2 fold change). Points are colored by Keio 
collection essentiality status. Labeled genes highlight two major functional groups that account for the 
largest discrepancies between CRISPRi and deletion-based methods: proton motive force-driven plasma 
membrane ATP synthesis (atp genes) and respiratory chain complex I (nuo genes).  
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5.2. Genes and pathways that are sensitive to knockdown 

Our pathway-level analysis using competitive gene set enrichment analysis (CAMERA) 

evaluated whether genes in defined functional groups showed coordinated fitness effects 

compared to the background distribution of all other genes. Four key cellular systems showed 

significant coordinated depletion across all tested Enterobacterales [Table 5, Table 6]. We 

filtered for pathways containing at least 5 genes where all members displayed consistent 

phenotypes under CRISPRi induction (gene-level adj.P.Val ≤ 0.05). 

The small ribosomal subunit showed the largest sensitivity to perturbation [Figure 41]. 

The competitive enrichment scores for this pathway spanned from 8.1e-34 in E. cloacae to 8.1e-

69 in K. pneumoniae, indicating strong coordinate depletion of these genes compared to the 

genomic background. All 24 genes encoding core 30S ribosomal proteins 

(rpsABCDEFGHIJKLMNOPQRSTU) showed strong depletion patterns across species. NADH 

dehydrogenase perturbation revealed clear species differences. E. cloacae showed severe 

growth defects with a pathway enrichment score of 1.4e-33, while K. pneumoniae maintained 

substantially higher fitness with a score of 1.0e-10. This pattern held across both core complex 

members (nuoA-N) and related oxidoreductases (fdhF, hycF, hyfH, ndh). ATP synthase 

(atpABCDEFGHI) and protein secretion machinery (ffh, secGEY, ftsY) showed consistent 

pathway-level depletion across species (enrichment score ranges 3.9e-32 to 6.5e-21 and 4.6e-

22 to 7.5e-31 respectively). Knockdown of lactose utilization genes (lacYZ, ebgA) increased 

fitness across species due to reduced IPTG toxicity, demonstrating the expected behavior of our 

inducible system. 

The species-specific patterns of gene sensitivity highlight key differences in how these 

bacteria maintain core cellular processes. NADH dehydrogenase knockdowns produced similar 

growth defects in E. coli and E. cloacae, but K. pneumoniae maintained near wild-type growth 

rates when these genes were targeted. Sec pathway knockdowns (ffh, secGEY, ftsY) severely 
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reduced growth in all three species, indicating these genes cannot be bypassed through 

alternative transport mechanisms. These patterns of vulnerability extend beyond binary 

essentiality, showing how species-specific constraints shape cellular fitness when essential 

processes are perturbed. Having established these gene-level sensitivities under standard 

conditions, we next examined how these phenotypes changed under imipenem treatment. 
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Figure 41: Competitive Gene-Set Enrichment Analysis of Essential Pathways in 
Enterobacterales 

Each point represents a guide RNA targeting an essential gene, plotted by its relative fitness score (log2 
fold change, y-axis) and statistical confidence (adjusted p-value, x-axis). Points are colored by enriched 
functional groups from gene ontology analysis [Table 5, Table 6]. Gray points represent guides targeting 
genes not belonging to significantly enriched pathways. Guides with the strongest phenotypes are 
labeled. Dashed lines indicate two-fold changes in relative fitness score (RFS, log2FC = ±1). Note that 
less negative p-values on the x-axis indicate higher statistical confidence. 
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Table 5: Gene Ontology Group Membership 

Pathway GO/GOCC ID Genes 
Protein targeting to 

membrane GO:0006612 ffh, secG, ftsY, secE, secY 

Small ribosomal subunit GO:0015935 

rpsB, rpsA, raiA, rpsP, rpsU, rpsO, rpsI, 
rpsG, rpsL, rpsF, rpsR, rpsT, hpf, rpsD, 
rpsE, rpsH, rpsN, rpsC, rpsS, rpsJ, 
rpsM, rpsQ, rpsK, sra, rbbA 

NADH dehydrogenase 
complex GO:0030964 

fdhF, nuoN, nuoM, nuoL, nuoK, nuoJ, 
nuoI, nuoH, nuoG, nuoF, nuoE, nuoC, 
nuoB, nuoA, ndh, hycF, hyfH 

Proton-transporting ATP 
synthase complex GOCC:0045259 atpC, atpD, atpG, atpA, atpH, atpF, 

atpE, atpB, atpI 

 

Table 6: CAMERA Enrichment Scores 

Pathway E. coli E. cloacae K. pneumoniae 

Protein targeting to 
membrane 4.60E-22 7.50E-31 1.90E-26 

Small ribosomal subunit 5.70E-44 8.10E-34 8.10E-69 

NADH dehydrogenase 
complex 1.10E-29 1.40E-33 1.00E-10 

Proton-transporting ATP 
synthase complex 3.90E-32 1.50E-25 6.50E-21 
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5.3. Differential responses to imipenem treatment 

Carbapenem stress demonstrated species-specific envelope maintenance strategies 

across Enterobacterales. To systematically examine these differences, we treated our CRISPRi 

libraries with sub-MIC concentrations of imipenem and analyzed gene-level and pathway-level 

responses. β-lactams induce a destructive cycle by blocking the transpeptidase activity of 

penicillin-binding proteins while allowing continued glycan strand synthesis, leading to 

accumulation and rapid degradation of uncrosslinked material by lytic transglycosylases (222). 

This futile cycle particularly impacts envelope integrity through disruption of cell wall assembly 

and division. 

Competitive gene set enrichment analysis (CAMERA) of all Gene Ontology pathways 

showed that components of the Tol-Pal system (GO:1905153) showed the most extreme 

variation between species. The Tol-Pal system spans the periplasm, physically connecting the 

inner membrane proteins TolA/Q/R to the outer membrane-anchored TolB/Pal complex [Figure 

42B]. This system maintains envelope integrity through energy-dependent interactions that 

become especially critical under stress from drugs and detergents (233). Genome architecture 

analysis showed species-specific variations in the Tol-Pal system [Figure 42C]. In E. cloacae, 

we identified an additional tolA fragment downstream of the canonical gene, while in K. 

pneumoniae, another tolA fragment was found approximately 1 million base pairs upstream, 

though sometimes annotated as tonB. This dual annotation reflects an underlying structural 

relationship – TolA and TonB share a conserved fold despite low sequence identity (~20%), 

organized around key motifs that maintain envelope integrity (234). The conservation of these 

proteins parallels their roles in essential cellular processes like cell wall assembly and division, 

where disruption increases susceptibility to β-lactams through effects on peptidoglycan 

synthesis and turnover (222). 
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Figure 42: Species-Specific Responses to Imipenem Treatment and Organization 
of the Tol-Pal System 

(A) Changes in Tol-Pal system abundance measured by counts per million (CPM) across three treatment 
conditions in E. cloacae, E. coli, and K. pneumoniae. Box plots show the distribution of CPM values for 
Tol-Pal components, with individual points representing biological replicates. FDR values indicate 
statistical significance of changes between uninduced, induced, and high-dose conditions. (B) Schematic 
representation of the Tol-Pal system spanning the bacterial envelope. TolQ, TolR, and TolA form an inner 
membrane complex that interacts with the outer membrane-anchored TolB and Pal proteins across the 
periplasmic space. (C) Genomic organization of the Tol-Pal system across species visualized using 
Clinker. Gray scale indicates sequence identity between homologous genes. In K. pneumoniae, an 
additional gene (VK055_0760) located ~1M nucleotides upstream of the canonical Tol-Pal cluster shares 
sequence similarity with TolA. Gene sizes and spacing are drawn to scale within the 2.5kb windows 
shown. 
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These architectural differences appear to influence species-specific responses to 

carbapenem stress [Figure 42A]. K. pneumoniae, with its additional tolA fragment, shows 

increased fitness under imipenem treatment (CPM increasing from 25.46 to 29.31, FDR = 

0.039), while E. coli experiences severe depletion (CPM dropping from 47.92 to nearly zero, 

FDR = 1.6e-10). E. cloacae displays an intermediate phenotype with no statistically significant 

changes in Tol-Pal CPM, suggesting its downstream tolA fragment provides partial 

compensation. The core divisome components further exhibits species-specific stress 

responses. The ABC transporter FtsX, essential for cell wall hydrolysis during division (235), 

showed strong depletion across species (RFS < -5) with particularly severe effects in E. coli and 

K. pneumoniae (RFS = -12) [Table 7]. Similarly, FtsN, which coordinates septal peptidoglycan 

synthesis (236), demonstrated consistent depletion, though with greater sensitivity in E. coli and 

K. pneumoniae (RFS ≈ -9) compared to E. cloacae (RFS = -3). 

Knockdown of the RNA chaperone proQ produced three distinct species-specific 

phenotypes, conferring significant fitness advantage in E. coli (RFS = 13.0), while compromising 

fitness in K. pneumoniae (RFS = -7.7) and remaining neutral in E. cloacae (RFS = 1.2). These 

divergent responses suggest unexpected plasticity in envelope maintenance systems between 

species. To better understand these species-specific regulatory networks, we constructed and 

analyzed libraries in a proQ deletion background in E. coli to study how envelope integrity is 

maintained under antibiotic stress. 
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Table 7: Species-Specific Responses to Imipenem Stress Across Envelope 
Maintenance Systems 

Values represent relative fitness scores (RFS) under imipenem treatment. Bold values indicate significant 
changes (FDR ≤ 0.05). Multiple values for tolA indicate separate gene copies. Negative values indicate 
depletion while positive values indicate enrichment in the population. 

 

 

Pathway/Gene E. cloacae E. coli K. pneumoniae 
 
Tol-Pal System    

tolA -1.28, 0.239 -10.0 0.082, 1.60 

tolB 0.262 -11.0 1.91 

tolQ 0.114 -10.2 2.11 

tolR -0.768 -10.4 1.25 

pal 0.022 -9.36 1.85 
 
Cell Division    

ftsE -6.02 -7.27 -11.5 

ftsN -2.95 -9.73 -9.32 

ftsX -4.99 -11.5 -11.6 

ftsZ -2.25 -2.60 -3.30 
 
LPS Transport    

lptA -3.62 -2.60 -2.77 

lptB -2.34 -4.14 -3.04 

lptC -1.27 -3.26 -2.86 

lptD -0.811 -3.37 -4.19 

lptE -0.183 -4.39 -1.54 

lptF -1.29 -3.66 -6.07 

lptG 0.06 -3.05 -3.66 
 
RNA Regulation    

proQ 1.23 13.0 -7.74 
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5.4. Full-genome proQ-Deletion Background Library Reveals Distinct Essential 
Gene Vulnerabilities 

To systematically examine how ProQ loss affects E. coli cellular fitness under 

carbapenem treatment, we designed a factorial experiment comparing wild-type and ΔproQ 

libraries across three conditions: CRISPRi induction alone, and two doses of imipenem with 

induction. The response for each gene was derived from a model using edgeR: 

𝑌 = β, + β&𝑋H2 + β-𝑋I"A,H2 + βJ𝑋@#<@,H2 + βK𝑋LM;"N + β/𝑋I"A,LM;"N + βO𝑋@#<@,LM;"N 	+ ϵ	 

Here, β₀ is the uninduced baseline, and all other terms represent induced conditions by 

default. The subscripts indicate imipenem concentration (low or high) and strain type (WT or 

ΔproQ). All X terms are binary indicators (0 or 1), and ε represents random error. This model 

allowed us to isolate strain-specific responses to both knockdown and antibiotic stress. 

Competitive gene set enrichment analysis (CAMERA) identified two respiratory chain 

complexes – cytochrome o ubiquinol oxidase (cyoABCDE) and NADH:ubiquinone 

oxidoreductase (nuoA-N) – as among the most significantly differentially enriched pathways 

between strains. 

Induction of CRISPRi knockdown reduced fitness of NADH dehydrogenase by 28-fold 

and cytochrome oxidase by 3.6-fold in wild-type cells [Figure 43]. The ΔproQ strain showed 

reduced sensitivity to knockdown, with only 7.7-fold and 1.2-fold reductions respectively. 

Imipenem treatment produced opposing effects between strains. At high imipenem 

concentrations, cytochrome oxidase knockdown strains showed a 52-fold fitness increase in the 

wild-type background but a 4.5-fold decrease in ΔproQ. NADH dehydrogenase displayed a 

similar pattern at low imipenem concentrations - a 17-fold fitness increase in wild-type reduced 

to 1.8-fold in ΔproQ. β-lactam sensitivity depends on cellular energy state (237), with both 

respiratory complexes contributing to proton motive force generation. The reversal of imipenem-
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induced selection in ΔproQ strains points to altered regulation of energy metabolism. ProQ 

binding studies have identified numerous metabolic transcripts as regulatory targets (238), 

suggesting direct control of respiratory gene expression. 
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Figure 43: proQ Deletion Alters the Response of Respiratory Complexes to 
Imipenem Treatment 

Fold changes in abundance of (A) cytochrome o ubiquinol oxidase (encoded by cyoABCDE) and (B) 
NADH:ubiquinone oxidoreductase (encoded by nuoA-N) components under CRISPRi induction alone or 
with low (0.125 μg/mL) or high (0.25 μg/mL) imipenem (IMI) concentrations. Wild-type (WT, green) and 
ΔproQ (purple) strains show distinct patterns of respiratory complex abundance. The y-axis shows fold 
change (FC) on a log scale relative to uninduced conditions. Individual points represent separate guide 
RNAs (4 per gene) targeting each gene in the pathway, bars show median values with error bars 
representing the interquartile range (25th to 75th percentiles). Statistical significance was determined 
using CAMERA (competitive gene set enrichment analysis); 'ns' indicates conditions where pathway 
components show no significant coordinated changes compared to baseline (FC = 1, dotted line; FDR > 
0.05).  
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6. Discussion 

Our CRISPRi competition screens across three Enterobacterales species measured how 

bacterial populations respond to imipenem treatment when essential genes are partially 

repressed. While ribosomal and cell envelope gene knockdowns showed similar fitness effects 

across species, we found unexpected differences in how these bacteria tolerate perturbation of 

energy metabolism and membrane maintenance pathways. The varying fitness costs of NADH 

dehydrogenase knockdown between species stand out. E. coli and E. cloacae populations 

dropped out rapidly when these genes were targeted, but K. pneumoniae maintained 

competitive growth. These fitness differences align with data showing NADH dehydrogenase 

affects antibiotic susceptibility through NAD+/NADH ratios rather than membrane potential (26), 

pointing to fundamental differences in how these species maintain energy balance.  

The Tol-Pal system results demonstrate how genome structure shapes bacterial survival 

strategies. E. coli strains carrying Tol-Pal knockdowns were outcompeted under carbapenem 

stress, while K. pneumoniae strains actually increased in frequency. This phenotypic difference 

aligns with our genomic analyses showing additional tolA-like sequences in both K. pneumoniae 

and E. cloacae, though these fragments differ between species. While these sequences share 

orthology with tolA based on our Orthofinder analysis, they may represent either partial tolA 

duplications or functionally related envelope maintenance genes like tonB (239). The Tol-Pal 

system helps maintain envelope integrity during both cell elongation and division (240), and our 

data suggest that K. pneumoniae has evolved additional genetic capacity for this essential 

function. These species-specific differences in envelope maintenance systems help explain 

varying susceptibility patterns between Enterobacterales, though further work is needed to 

determine the precise molecular mechanisms by which these additional sequences contribute to 

carbapenem tolerance. 
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ProQ regulates stress responses differently between bacterial species. In E. coli, 

deletion of proQ completely reversed how respiratory complexes respond to carbapenem 

treatment; mutants that normally showed reduced fitness in wild-type cells instead grew 52-fold 

better without ProQ. The opposite occurred in K. pneumoniae, where proQ knockdown reduced 

survival under carbapenem stress. Though these species clearly respond differently to loss of 

ProQ, understanding the mechanism in K. pneumoniae will require additional genetic studies. 

Our findings show how a single RNA regulator can reshape the connection between energy 

metabolism and antibiotic tolerance. 

Our pooled fitness approach demonstrated vulnerabilities that traditional knockout 

studies have missed. For instance, NADH dehydrogenase knockdown strains showed major 

competitive disadvantages despite lacking typical essentiality signals in Tn-seq data (232). This 

discrepancy points to an important limitation in how we traditionally evaluate antibiotic targets. 

Complete gene deletion may not accurately predict how bacteria respond to the partial inhibition 

caused by antibiotics (237). The stark fitness defects we observed with partial knockdown 

suggest that bacteria may have particular difficulty adapting to intermediate states of protein 

function, even for genes they can theoretically survive without. The extent to which this 

phenomenon is dependent on direct competition between cells that perturbed/unperturbed for a 

specific pathway or function (e.g., complex I) is unknown and will be the focus of future 

research. Cells treated with sub-lethal concentrations of antibiotics often accumulate toxic 

metabolic intermediaries which may be responsible for some of the depletion phenotypes 

observed here (241). Regardless of the precise mechanisms at play, the inducible nature of 

CRISPRi knockdown may better approximate real gene-drug interactions for specific genes or 

pathways, expanding the set of plausible therapeutic targets.  
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7. Materials and Methods 

A comprehensive wiki containing methods described here is available on Ryan D. 

Ward’s GitHub: https://github.com/ryandward/phylogenetic_CRISPRi/wiki.  

7.1. Strains and Growth Conditions  

Pooled library strains sJMP5142 (E. coli), sJMP5144 (E. cloacae), and sJMP5146 (K. 

pneumoniae) were revived from standardized -80°C glycerol stocks (OD600 = 10) by diluting 

into fresh LB medium to OD600 ~0.02. For antibiotic challenge experiments, a two-fold serial 

dilution series of imipenem (0.125-32 ng/μL) was prepared in 96-well plates. The libraries were 

grown in parallel under four conditions: no drug/no induction, no drug/with induction (1 mM 

IPTG), imipenem/no induction, and imipenem/with induction. Growth was monitored by OD600 

measurements using a microplate reader (Tecan Infinite 200 Pro M Plex) with continuous orbital 

shaking at 37°C. Optical density readings were recorded at 5-minute intervals over 18-24 hours 

to capture complete growth trajectories. This dual-condition format enabled direct comparison of 

knockdown effects on antibiotic susceptibility. Competition experiments were performed in 

biological triplicate using independent library aliquots to account for potential variation in library 

composition and selection dynamics. 

7.2. Essential Gene Identification and Guide RNA Design 

Essential genes were identified from the ultra-dense Tn-seq dataset of E. coli K-12 

(232). Putative essential genes in E. cloacae and K. pneumoniae were identified through 

orthology mapping using OrthoFinder v2.5.4 (121) with default parameters. Guide RNAs were 

designed using custom Python scripts adapted from Hawkins et al. (86) targeting the first 10% 

of each coding sequence. For each gene, we designed 4 perfect match guides and 

approximately 10 mismatch guides containing single nucleotide changes predicted to reduce 

targeting efficiency. Non-targeting control guides (n=1000) were designed to maintain similar 

https://github.com/ryandward/phylogenetic_CRISPRi/wiki
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nucleotide composition while avoiding complementarity to target genomes, verified using Bowtie 

v1 (242). 

Guide sequences were synthesized as 78-nucleotide oligonucleotides (Agilent 

Technologies) containing: 20-nt spacer sequence, constant regions for Gibson assembly, and 

BsaI restriction sites. The pooled oligonucleotide libraries were amplified using Q5 High-Fidelity 

DNA Polymerase (NEB) with primers specific to each species. PCR conditions: initial 

denaturation at 98°C for 30s; 15 cycles of 98°C for 15s, 56°C for 15s, 72°C for 15s; final 

extension at 72°C for 10 min. Products were purified using DNA Clean & Concentrator columns 

(Zymo Research) and quantified by Qubit fluorometry prior to cloning into Mobile-CRISPRi 

vectors as described above. 

7.3. Species-Specific CRISPRi Library Development and Construction 

Promoter performance was evaluated using a standardized GFP reporter system 

constructed in pJMP2816. Each promoter variant (PLlacO-1 and synthetic designs B, G, I, J, 

and K) was cloned upstream of dcas9 using pJMP2828 (GFP with gmc6 guide RNA) and 

pJMP2840 (empty vector) as controls. Constructs were transformed into E. coli strain BW25141 

for cloning (sJMP5058-5075) and WM6026 for conjugation (sJMP5040-5057). GFP 

fluorescence was measured using a Tecan Infinite 200 Pro M Plex plate reader 

(excitation/emission: 482/515 nm) after growth in LB medium supplemented with appropriate 

antibiotics (ampicillin 100 μg/mL, kanamycin 30 μg/mL) and with or without 1 mM IPTG 

induction. Fluorescence values were normalized to optical density (OD600) and to 

measurements from strains lacking GFP. Based on these quantitative measurements, promoter 

B was selected for E. coli and E. cloacae libraries (18-fold and 22-fold repression respectively), 

while promoter I was chosen for K. pneumoniae (26-fold repression). 
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For library construction, the Mobile-CRISPRi plasmid backbone containing promoter B 

(pJMP5135) or promoter I (pJMP5136) was purified using a PureLink HiPure Plasmid Midiprep 

kit from overnight cultures grown in LB with ampicillin. Plasmid DNA was quantified by Qubit 

fluorometry, yielding concentrations of 100 ng/μL and 120 ng/μL respectively. The backbones 

were digested with BsaI-HFv2 in CutSmart buffer for 4 hours at 37°C and purified using a DNA 

cleanup kit. Guide RNA sequences were amplified from organism-specific oligonucleotide pools 

using Q5 High-Fidelity DNA Polymerase with primers oJMP1150/1151 (E. coli), oJMP1153/1154 

(E. cloacae), and oJMP1156/1157 (K. pneumoniae). PCR conditions were: 98°C for 30s; 15 

cycles of 98°C for 15s, 56°C for 15s, 72°C for 15s; followed by 72°C for 10 min. Products were 

verified on agarose gels to confirm the expected 78 bp size and quantified (25-31 ng/μL). 

The amplified guides were digested with BsaI-HFv2 and ligated into the processed 

vector backbones using T4 DNA ligase in reactions containing 10 mM DTT and 1 mM ATP. 

After dialysis against 0.1 mM Tris (pH 8.0), ligations were transformed into electrocompetent E. 

coli WM6026 cells and plated on LB agar supplemented with 300 μM diaminopimelic acid (DAP) 

and 100 μg/mL carbenicillin. This yielded strains sJMP5137 (E. coli library, OD600=20), 

sJMP5138 (E. cloacae library, OD600=20), and sJMP5139 (K. pneumoniae library, OD600=20) 

containing the Mobile-CRISPRi plasmid libraries ready for subsequent conjugation into target 

organisms. 

7.4. Library Creation and Transfer  

Mobile-CRISPRi plasmids containing promoters optimized for each target organism 

(promoter B for E. coli and E. cloacae, promoter I for K. pneumoniae) were isolated using a 

midiprep kit following growth in LB medium supplemented with ampicillin. The plasmids were 

digested with BsaI-HFv2 in CutSmart buffer for 4 hours at 37°C, followed by purification using a 

DNA spin column with a maximum loading capacity of 5 μg DNA per column. Target inserts 

were amplified from synthesized oligonucleotide pools (diluted to 10 nM) using Q5 DNA 



 
175 

polymerase with organism-specific primers under optimized PCR conditions: initial denaturation 

at 98°C for 30s, followed by 15 cycles of 98°C for 15s, 56°C for 15s, and 72°C for 15s, with a 

final extension at 72°C for 10 minutes. PCR products were purified and quantified using 

fluorometry to ensure appropriate DNA concentrations for subsequent steps. 

The digested vectors and inserts were combined in a ligation reaction containing T4 

DNA ligase buffer supplemented with 10 mM DTT and 1 mM ATP. After 14 hours of ligation at 

16°C, the reactions were purified by dialysis against 0.1 mM Tris (pH 8.0) using a nitrocellulose 

membrane. The ligated libraries were transformed into electrocompetent E. coli strain WM6026 

cells and plated on LB agar supplemented with 300 μM diaminopimelic acid (DAP) and 100 

μg/mL carbenicillin. This yielded approximately 3.6 million colonies for the E. coli library, 2.4 

million colonies for the E. cloacae library, and 1.5 million colonies for the K. pneumoniae library. 

Colonies were harvested by flooding plates with LB medium containing DAP, scraping to collect 

cells, and storing aliquots in 15% glycerol at -80°C. 

Libraries were transferred to target organisms through triparental mating using carefully 

validated strains. The recipient strains were E. coli K-12 MG1655 (sJMP163), E. cloacae ATCC 

13047 (sJMP269), and K. pneumoniae ATCC 43816 KPPR1 (sJMP241). Mating reactions 

combined normalized cultures (OD600 ≈ 40) of the E. coli WM6026 donor carrying the Mobile-

CRISPRi library (sJMP5137-5139), a helper strain expressing Tn7 transposase (sJMP469), and 

the recipient strain in a 2:1:1 ratio. After 2.5 hours of mating at 37°C on non-selective LB agar, 

cells were collected and stored briefly at -80°C to reduce background growth of untransformed 

recipients. The libraries were then plated on selective media containing kanamycin to isolate 

successful transconjugants, yielding final strain collections designated sJMP5142 (E. coli), 

sJMP5144 (E. cloacae), and sJMP5146 (K. pneumoniae). These final libraries achieved 70-

100× coverage of the guide RNA design space, with approximately 1.6 million unique integrants 

for E. coli, 1.9 million for E. cloacae, and 2.0 million for K. pneumoniae. Colonies were collected 
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by flooding plates with LB medium, scraping to harvest cells, and storing 96 standardized 1-mL 

aliquots in 15% glycerol at -80°C for subsequent experiments. 

7.5. proQ Gene Deletion 

The proQ deletion strain (sJMP5155) was constructed using λ Red recombineering in E. 

coli MG1655 expressing the pSIM5 temperature-sensitive recombination plasmid (sJMP6963). 

A FRT-flanked kanamycin resistance cassette was amplified from genomic DNA of a Keio 

collection strain (sJMP2029, Δhfq::FRT-kan-FRT) using primers oJMP2740 and oJMP2741. The 

forward primer (oJMP2740) contained 40 bp of homology to the proQ 5' region and introduced a 

TAA stop codon immediately after the start codon, while the reverse primer (oJMP2741) 

provided 40 bp of homology to the proQ 3' region. Both primers included priming sequences for 

the FRT-kan-FRT cassette. The PCR product was purified and electroporated into cells induced 

for λ Red expression by heat shock at 42°C for 15 minutes. Recombinants were selected on LB 

agar supplemented with kanamycin (30 μg/mL) at 37°C. Correct targeting was verified by colony 

PCR using primers oJMP2731 and oJMP2732, which amplify a region spanning the integration 

site from -20 bp to +20 bp relative to the proQ coding sequence. 

For FRT cassette removal, verified recombinants (sJMP5150) were transformed with 

pCP20 (encoding FLP recombinase) and selected on LB agar with ampicillin (100 μg/mL) at 

30°C. Individual colonies were then restreaked on nonselective LB agar and incubated at 42°C 

to simultaneously resolve the FRT cassette and cure the temperature-sensitive pCP20 plasmid. 

Resulting colonies were patch-plated to verify sensitivity to both kanamycin and ampicillin, 

confirming successful marker excision and plasmid loss. The final strain (sJMP5155) was 

validated by PCR amplification using primers oJMP2731 and oJMP2732, followed by Sanger 

sequencing to confirm the presence of both the engineered stop codon and the single FRT scar. 
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7.6. Primers for proQ Inactivation and prc Promoter Preservation 

Targeting Primers for FRT-kan-FRT Cassette Integration. The forward primer 

oJMP2740 targets the 5' region of proQ with the sequence: 5'-GAAA TTTC ATG GAAA ATCA 

ACCT AAGT TGAA TAGC AGTT AAat tccg ggga tcct gcga cc-3' This primer introduces a 

strategic mutation converting the third codon from AAA (lysine) to TAA (stop), preserving the 

first ~10 amino acids of ProQ. The uppercase portion provides homology for recombination, 

while the lowercase sequence targets the FRT-kan-FRT cassette. 

The reverse primer oJMP2741 was positioned to maintain the integrity of the 

downstream prc promoter: 5'-GGAC GTGG CTTG CGTT CGCG GCGC GGTG CGTC TTCT 

TTCt gtag gctg gagc tgct tcg-3' This primer's homology region (uppercase) terminates 

approximately 120 bp upstream of the predicted prc promoter start site, ensuring its regulatory 

elements remain intact. The junction sequence was verified to avoid creating inadvertent start 

codons that could result in translation of the C-terminal portion of ProQ. 

Verification Primers for Integration Confirmation. The checking primers oJMP2731 

(5'-GCTT GCAA CGAC GGAT TACA-3') and oJMP2732 (5'-ACCG GAAT TTGA TCAG CACG-

3') were designed to flank the modification site, enabling verification of both the initial integration 

and subsequent FRT resolution while confirming preservation of the prc promoter region. 

7.7. Sequencing and Data Analysis  

DNA was extracted from cell pellets with the DNeasy gDNA extraction kit (Qiagen) 

according to the manufacturer's protocol, resuspending in a final volume of 100 µL with an 

average yield of ~100 ng/µL. The guide RNA region was amplified using custom primers 

containing TruSeq adapters. Amplicon libraries were sequenced on an Illumina NovaSeq 6000 

platform with 150 bp paired-end reads. Guide RNA counts were quantified using 

Heuristicount.py, part of the BarCoder Functional Genomics Toolkit – available at 
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https://github.com/ryandward/barcoder. Relative fitness scores and statistical significance were 

calculated using edgeR with a quasi-likelihood negative binomial model. Gene set enrichment 

analysis was performed using competitive gene set testing (CAMERA) against predicted 

genome interactions from STRING-DB. 

7.8. Tol-Pal Operon Conservation Analysis 

Genomic sequences for E. coli K-12 MG1655 (GCA_000005845.2), K. pneumoniae 

(GCA_000742755.1), and E. cloacae (GCA_000025565.1) were analyzed using OrthoFinder 

(121) to identify Tol-Pal system orthologs. A custom Python script using Biopython extracted 

genomic regions containing Tol-Pal components using locus tags: E. coli (b0737-b0741), K. 

pneumoniae (VK055_1781-1785, VK055_0760), and E. cloacae (ECL_02989-02994). Gene 

cluster alignments and similarity analyses were performed using clinker (243), generating 

HTML-based visualizations for comparative analysis. 

  

https://github.com/ryandward/barcoder
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Table 8: Enterobacterales Strains and Library Construction 

This strain collection starts with initial plasmid construction in E. coli BW25141, followed by transfer into 
conjugation-capable WM6026 donor strains, and finally implementation in target species. Promoter 
variants (PB, PG, PI, PJ, PK, PLlacO1) are listed sequentially within strain ranges (e.g., sJMP5058-5063 
contains promoters PB through PLlacO1 respectively). Each stage maintains this sequential promoter 
organization: first testing with a GFP reporter system, then adding guide RNA targeting GFP (gmc6), and 
finally implementing genome-wide guide RNA libraries. The final full-genome knockdown libraries were 
constructed in three species: E. coli, E. cloacae, and K. pneumoniae. 

A. Initial Plasmid Construction 

Strain Background Promoter Features Resistance Growth 
Media Construction 

sJMP5058-
5063 

E. coli 
BW25141 PB/PG/PI/PJ/PK/PLlacO1 dCas9-

GFP Amp, Kan 
LB, 
Amp, 
Kan 

HiFi assembly into 
pJMP2816; 
Electroporation: 
sJMP5078(1) 

sJMP5064-
5069 

E. coli 
BW25141 PB/PG/PI/PJ/PK/PLlacO1 

dCas9-
GFP + 
gmc6(2) 

Amp, Kan 
LB, 
Amp, 
Kan 

HiFi assembly into 
pJMP2828; 
Electroporation: 
sJMP5078(1) 

sJMP5070-
5075 

E. coli 
BW25141 PB/PG/PI/PJ/PK/PLlacO1 dCas9 Amp, Kan 

LB, 
Amp, 
Kan 

HiFi assembly into 
pJMP2840; 
Electroporation: 
sJMP5078(1) 

Notes: (1) sJMP5078: E. coli BW25141 cloning strain, (2) gmc6: CRISPRi guide RNA targeting GFP 

B. Conjugation-Capable Donor Strains 

Strain Background Promoter Features Resistance Growth 
Media Construction 

sJMP5040-
5045 

E. coli 
WM6026 PB/PG/PI/PJ/PK/PLlacO1 dCas9-

GFP 
Cam, Amp, 
Kan 

LB, Cam, 
DAP, 
Amp, Kan 

Electroporation: 
pJMP5058-5063 into 
sJMP5079(3) 

sJMP5046-
5051 

E. coli 
WM6026 PB/PG/PI/PJ/PK/PLlacO1 

dCas9-
GFP + 
gmc6(2) 

Cam, Amp, 
Kan 

LB, Cam, 
DAP, 
Amp, Kan 

Electroporation: 
pJMP5064-5069 into 
sJMP5079(3) 

sJMP5052-
5057 

E. coli 
WM6026 PB/PG/PI/PJ/PK/PLlacO1 dCas9 Cam, Amp, 

Kan 

LB, Cam, 
DAP, 
Amp, Kan 

Electroporation: 
pJMP5070-5075 into 
sJMP5079(3) 

Notes: (1) sJMP5078: E. coli BW25141 cloning strain, (2) gmc6: CRISPRi guide RNA targeting GFP, (3) 
sJMP5079: E. coli WM6026 DAP auxotroph conjugation strain (Cam, DAP) 
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C. GFP CRISPRi Activity Test Strains 

Strain Background Promoter Features Resistance Growth 
Media Construction 

E. coli Control and Test Strains 

sJMP5099-
5104 

E. coli 
BW25113 PB/PG/PI/PJ/PK/PLlacO1 GFP , 

attTn7::dCas9 Kan LB, Kan 

Triparental mating: 
sJMP5040-5045 + 
sJMP469(4) + 
sJMP6(5) 

sJMP5105-
5110 

E. coli 
BW25113 PB/PG/PI/PJ/PK/PLlacO1 

GFP , 
attTn7::dCas9-
gmc6(2) 

Kan LB, Kan 

Triparental mating: 
sJMP5046-5051 + 
sJMP469(4) + 
sJMP6(5) 

sJMP5111-
5116 

E. coli 
BW25113 PB/PG/PI/PJ/PK/PLlacO1 attTn7::dCas9 Kan LB, Kan 

Triparental mating: 
sJMP5052-5057 + 
sJMP469(4) + 
sJMP6(5) 

E. cloacae Control and Test Strains 

sJMP5117-
5119 

E. cloacae 
ATCC 13047 PB/PI/PLlacO1 GFP , 

attTn7::dCas9 Kan LB, Kan 
Triparental mating: 
sJMP5040/42/45 + 
sJMP469(4) + 
sJMP269(6) 

sJMP5120-
5122 

E. cloacae 
ATCC 13047 PB/PI/PLlacO1 

GFP , 
attTn7::dCas9-
gmc6(2) 

Kan LB, Kan 
Triparental mating: 
sJMP5046/48/51 + 
sJMP469(4) + 
sJMP269(6) 

sJMP5123-
5125 

E. cloacae 
ATCC 13047 PB/PI/PLlacO1 attTn7::dCas9 Kan LB, Kan 

Triparental mating: 
sJMP5052/54/57 + 
sJMP469(4) + 
sJMP269(6) 

K. pneumoniae Control and Test Strains 

sJMP5126-
5128 

K. pneumoniae 
ATCC 43816 PB/PI/PLlacO1 GFP , 

attTn7::dCas9 Kan LB, Kan 

Triparental mating: 
sJMP5040/42/45 + 
sJMP469(4) + 
sJMP241(7) 

sJMP5129-
5131 

K. pneumoniae 
ATCC 43816 PB/PI/PLlacO1 

GFP , 
attTn7::dCas9-
gmc6(2) 

Kan LB, Kan 

Triparental mating: 
sJMP5046/48/51 + 
sJMP469(4) + 
sJMP241(7) 

sJMP5132-
5134 

K. pneumoniae 
ATCC 43816 PB/PI/PLlacO1 attTn7::dCas9 Kan LB, Kan 

Triparental mating: 
sJMP5052/54/57 + 
sJMP469(4) + 
sJMP241(7) 

Notes: (2) gmc6: CRISPRi guide RNA targeting GFP, (4) sJMP469: E. coli WM6026 carrying Tn7 
transposase helper plasmid (Amp), (5) sJMP6: E. coli BW25113 wild-type recipient strain, (6) sJMP269: 
E. cloacae ATCC 13047 recipient strain, (7) sJMP241: K. pneumoniae ATCC 43816 recipient strain 
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D. Mobile-CRISPRi Library Construction 

Strain Background Promoter Features Resistance Growth 
Media Construction 

Initial Library Vectors 

sJMP5135-
5136 E. coli BW25141 PB/PI 

dCas9 Cloning vectors Amp, Kan LB, Amp, 
Kan 

Electroporation: 
sJMP5070/5072 

Donor Library Strains 

sJMP5137 E. coli WM6026 PB dCas9 E. coli lib 
(OD600=20) Amp, Kan LB, Amp, 

Kan, DAP 
Electroporation: E. coli 
library into pJMP5135 

sJMP5138 E. coli WM6026 PB dCas9 E. cloacae lib 
(OD600=25) Amp, Kan LB, Amp, 

Kan, DAP 

Electroporation: E. 
cloacae library into 
pJMP5135 

sJMP5139 E. coli WM6026 PI dCas9 K. pneumoniae lib 
(OD600=15) Amp, Kan LB, Amp, 

Kan, DAP 

Electroporation: K. 
pneumoniae library into 
pJMP5136 

Final Library Strains 

sJMP5142 E. coli MG1655 PB dCas9 attTn7::dCas9-
library(8) Kan LB, Kan 

Triparental mating: 
sJMP5137 + sJMP469(4) 
+ sJMP163(9) 

sJMP5144 E. cloacae 
ATCC 13047 PB dCas9 attTn7::dCas9-

library(8) Kan LB, Kan 
Triparental mating: 
sJMP5138 + sJMP469(4) 
+ sJMP269(6) 

sJMP5146 K. pneumoniae 
ATCC 43816 PI dCas9 attTn7::dCas9-

library(8) Kan LB, Kan 
Triparental mating: 
sJMP5139 + sJMP469(4) 
+ sJMP241(7) 

E. coli proQ Deletion Series 

sJMP5153 E. coli MG1655 None ΔproQ::FRT-Kan-
FRT Kan LB, Kan λ Red recombination with 

pSIM5(10) 

sJMP5155 E. coli MG1655 None ΔproQ::FRT None LB FLP flip-out from 
sJMP5153 

sJMP5161 E. coli MG1655 PB dCas9 
ΔproQ::FRT 
attTn7::dCas9-
library(8) 

Kan LB, Kan 
Triparental mating: 
sJMP5137 + sJMP469(4) 
+ sJMP5155 

Notes: (4) sJMP469: E. coli WM6026 carrying Tn7 transposase helper plasmid (Amp), (6) sJMP269: E. 
cloacae ATCC 13047 recipient strain, (7) sJMP241: K. pneumoniae ATCC 43816 recipient strain, (8) 
Library sizes: E. coli (1.6M CFU), E. cloacae (1.9M CFU), K. pneumoniae (2.0M CFU), (9) sJMP163: E. 
coli MG1655 wild-type recipient strain, (10) pSIM5: Temperature-sensitive λ Red recombination plasmid 
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Chapter 5. Conclusions and Future Directions 
1. Conclusions 

The global rise of antimicrobial resistance has become a defining public health challenge 

of the 21st century, with a disproportionate burden falling on resource-limited healthcare 

systems. We investigated essential genes across bacterial pathogens to determine why some 

infections resist treatment, which is a problem that costs the United States healthcare system 

over $20 billion annually. Using targeted CRISPRi knockdowns, we mapped how bacteria 

respond to antibiotics through species-specific genetic interactions that vary between 

environments. The absence of new antibiotic classes introduced between 1962 and 2000, 

combined with the rapid evolution of resistance to existing drugs, requires high-throughput 

approaches to understand bacterial survival mechanisms. Our experiments with essential genes 

across multiple pathogens demonstrated fundamental biological differences between bacterial 

species. Single-gene deletion studies have failed to capture the complex relationships between 

essential cellular processes and antibiotic resistance. The distinct essential gene requirements 

we measured in each species present unexplored opportunities for species-selective 

antimicrobial development. 

The comparison of essential gene function across A. baumannii, P. aeruginosa, and 

multiple Enterobacterales species revealed differences in core cellular processes. While 

pathways like ribosome assembly and cell wall synthesis remained universally essential, energy 

metabolism and membrane maintenance requirements varied between species. NADH 

dehydrogenase proved most vulnerable in A. baumannii, while K. pneumoniae tolerated 

substantial disruption of this complex. Similar species-specific patterns emerged in membrane 

maintenance. E. coli strains carrying Tol-Pal disruptions rapidly died under carbapenem stress, 

yet K. pneumoniae grew robustly under the same conditions. In P. aeruginosa, two metabolic 

genes showed no growth defects in laboratory conditions but prevented infection in animal 
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models. The genes, pgsA and ispD, control basic cellular components – membrane 

phospholipids and cell wall precursors, respectively. Since ispD has no human homolog, these 

infection-specific essential genes may offer new therapeutic opportunities missed by standard 

laboratory screens. 

Partial inhibition of essential genes in A. baumannii produced complex antibiotic 

responses. In the case of glnS and nuoB, moderate reduction in gene expression actually 

increased resistance to imipenem and rifampicin, while strong repression killed cells. CRISPRi-

mediated control of essential gene expression measured these intermediate phenotypes that lie 

between full function and complete deletion. These results motivated experiments testing 

bacterial responses to different antibiotic concentrations. Our work with sub-lethal imipenem 

concentrations in Enterobacterales showed that antibiotic dose markedly affects the fitness cost 

of carrying essential gene knockdowns. At low imipenem doses, ribosomal protein knockdowns, 

NADH dehydrogenase mutants, and ATP synthase deficient strains showed species-specific 

responses that differed markedly from both untreated and high-dose conditions. These non-

linear responses to both gene inhibition and antibiotic treatment suggest that combination 

therapy outcomes depend heavily on precise dosing – small changes in either drug 

concentration or target inhibition can produce opposing effects on bacterial survival. 

Genomic architecture determined how bacteria maintain essential functions through 

different evolutionary solutions. Multiple A. baumannii clinical isolates, including 17978, 19606, 

and AB5075, share core essential pathways but exhibit strain-specific differences, particularly in 

prophage regions where genes like GO593_00515, which were shown to be among the most 

vulnerable to knockdown. The Enterobacterales exhibited more extensive genomic variations 

affecting essential gene function. K. pneumoniae carries additional tolA-like sequences absent 

in E. coli, correlating with its enhanced tolerance to Tol-Pal disruption. These sequences shared 

orthology with tolA but may represent either partial duplications or related envelope 
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maintenance genes. A. baumannii demonstrated the most extreme case of envelope 

adaptation, in which it can survive without lipooligosaccharide entirely. The presence of 

duplicate genes, mobile elements, and strain-specific genomic architecture demonstrates the 

plasticity of bacterial essential functions under selective pressure, especially when alternative 

solutions suffer enormous fitness costs. 

2. Future Directions 
2.1. ProQ-Mediated Control of Essential Gene Function 

The divergent effects of ProQ between bacterial species raise fundamental questions 

about RNA-based regulation of stress responses. In E. coli, ProQ deletion reversed the fitness 

costs of respiratory chain disruption, while K. pneumoniae became more sensitive to the same 

perturbations without ProQ. This opposite phenotype suggests species-specific RNA regulatory 

networks, but the molecular mechanisms remain unknown. Our STRING analysis provided 

initial functional connections between ProQ-affected genes; bacterial genome databases like 

PATRIC, BacWGSTdb, RegulonDB, and BioCyc represent resources to understand the 

evolutionary context of ProQ targets. The connection between ProQ and respiratory chain 

function suggests a role in oxidative stress response, a hypothesis testable through oxidative 

stress survival experiments and ROS measurements. Clinical isolate collections may also 

contain natural proQ variants that affect antibiotic sensitivity, which would provide a link to 

bacterial survival during infection. 

2.2. Envelope Maintenance and Permeability Adaptations 

K. pneumoniae contains additional tolA-like sequences absent in E. coli, correlating with 

different responses to Tol-Pal disruption during carbapenem stress. These distinct genetic 

architectures suggest fundamental differences in envelope maintenance strategies between 

species. A CoMBaT-seq approach (Competition of Multiplexed Barcodes over Time), which 

measures strain abundance changes through competitive growth experiments, using 
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mismatched guides targeting Tol-Pal components across E. coli, K. pneumoniae, and E. 

cloacae would generate detailed knockdown-response curves. Complementing these 

knockdowns with targeted overexpression of tolA-like sequences, combined with ethidium 

bromide uptake assays, would establish how gene dosage affects envelope integrity. The 

presence of multiple tolA-like sequences in K. pneumoniae is an ideal test case for examining 

how partial inhibition or overexpression of redundant envelope maintenance genes affects 

survival. Parallel knockdown gradients across species with different envelope maintenance 

strategies represents an excellent strategy to identify vulnerabilities in bacterial membrane 

assembly. 

2.3. Host-Pathogen Interactions and Essential Gene Requirements 

P. aeruginosa genes pgsA and ispD became essential only during mouse lung infection, 

despite minimal growth defects in laboratory media. Either nutritional availability or host factors 

may trigger these conditional essential gene requirements. A collaboration with an immunology 

lab could help measure bacterial survival against specific immune components, e.g., 

neutrophils, antimicrobial peptides, and oxidative stress conditions. CoMBaT-seq screens using 

isolated neutrophils and defined immune factors represent a focused approach to dissect these 

host-pathogen interactions. pgsA affects bacterial membrane composition through phospholipid 

synthesis, while ispD produces cell wall precursors, both of which could feasibly be targets for 

immune recognition. Understanding how immune cells detect and respond to these bacterial 

pathways may identify new antibiotic targets active during infection. 
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