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SUMMARY

Bacteria possess a vast repertoire of genes to adapt to environmental challenges. Understanding the gene
fitness landscape under antibiotic stress is crucial for elucidating bacterial resistance mechanisms and anti-
biotic action. To explore this, we conducted a genome-scale CRISPRi screen using a high-density sgRNA
library in Escherichia coli exposed to various antibiotics. This screen identified essential genes under anti-
biotic-induced stress and offered insights into the molecular mechanisms underlying bacterial responses.
We uncovered previously unrecognized genes involved in antibiotic resistance, including essential mem-
brane proteins. The screen also underscored the importance of transcriptional modulation of essential genes
in antibiotic tolerance. Our findings emphasize the utility of genome-wide CRISPRI screening in mapping the
genetic landscape of antibiotic resistance. This study provides a valuable resource for identifying potential
targets for antibiotics or antimicrobial strategies. Moreover, it offers a framework for exploring transcriptional

regulatory networks and resistance mechanisms in E. coli and other bacterial pathogens.

INTRODUCTION

Bacteria exhibit remarkable adaptability to diverse environ-
ments, primarily due to their acquisition and optimization of
various gene sets throughout evolution. However, our incom-
plete understanding of gene functions hinders the precise iden-
tification of genes responsible for specific adaptive responses.
By assessing gene essentiality under various conditions, we
can identify genes and cellular processes that help bacteria with-
stand particular stresses. This knowledge is crucial for under-
standing key genetic functions at a molecular level, enabling
biotechnological applications, and combating drug-resistant
pathogens.

Traditionally, gene essentiality has been studied using
methods such as gene knockouts' and transposon-mediated
gene inactivation.” While effective for identifying genes whose
disruption is lethal, these techniques struggle to detect genes
that are important but not critical for survival. Recently, clustered
regularly interspaced short palindromic repeat interference
(CRISPRIi) has emerged as a powerful tool for investigating
gene essentiality through transcriptional inhibition without gene

disruption.>* When combined with high-throughput sequencing
and a pooled library of single guide RNAs (sgRNAs), CRISPRi en-
ables genome-wide identification of essential genes with high
sensitivity and minimal background noise.*® The use of a pooled
library of sgRNAs, each targeting different regions of multiple
genes, further enhances the effectiveness of this approach for
a broad range of applications.”:

Transcriptome profiling is another method used to study bac-
terial responses to antibiotics by examining gene expression
levels under stress.® However, this approach is limited to identi-
fying genes already programmed to respond to antibiotic stress
in the specific bacteria of interest and is typically used to explore
resistance mechanisms in known antibiotic-resistant strains. In
contrast, CRISPRi not only identifies genes directly involved in
resistance mechanisms but also uncovers genes that might in-
fluence antibiotic tolerance and potentially evolve into resistance
mechanisms, providing a broader perspective on bacterial
adaptation.

In this study, we designed a high-density sgRNA library target-
ing the entire coding sequence (CDS) of Escherichia coli K-12
MG1655. By monitoring changes in sgRNA populations within
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bacterial cultures exposed to various antibiotics, we rapidly
identified genes involved in antibiotic responses. Our CRISPRI
screen demonstrated advantages over conventional methods,
particularly in its ability to identify essential genes without
completely disrupting their function. This approach provided in-
sights into cellular targets of antibiotics, including those with
poorly understood molecular mechanisms.

RESULTS

Genome-wide fitness effect of a gene knockdown using
high-resolution CRISPRi screening

We adopted the CRISPRI system to probe the fitness effect of
gene knockdown in E coli K-12 MG1655.4'° The system,
comprising two plasmids expressing dCas9 and sgRNA, effi-
ciently inhibited the expression of monomeric red fluorescent
protein (mrfp) encoded in the E. coli genome (Figures S1A and
S1B). CRISPRi-mediated inhibition of essential genes (groS
and rpoD) decreased growth rates and extended lag phases
(Figure S1C), while knockdown of non-essential genes (pfkB
and rpoS) produced no significant changes. The varying levels
of growth retardation induced by groS and rpoD knockdown
indicated different fitness effects, a nuance not observable in
gene knockout studies.

To investigate the fitness effects of all E. coli genes, we de-
signed and synthesized a library of evenly spaced sgRNAs tar-
geting every 100 bp of the 4,198 coding sequences (CDSs) in
E. coli (targeting 39,591 positions, Figure 1A) (see STAR
Methods). Of the sgRNAs, 39,574 sgRNA sequences were pre-
sent in the initial library (lib), representing 99.96% coverage
(Table S1). More importantly, the sgRNAs were uniformly repre-
sented in the library, as 99% of sgRNAs were observed less
than 3.6 times when 39,591 reads were observed (median of
0.7 times per 39,591 reads) (Figure S2A). We then transformed
this library into E. coli expressing dCas9 and cultured the cells
under various antibiotic conditions. Under these conditions,
cells with deleterious knockdowns exhibited reduced fitness,
leading to decreased abundance. To quantify these fitness ef-
fects, we measured sgRNA abundance in the culture using
next-generation sequencing and compared it to the lib. Fitness
effects were quantified using the enrichment ratio (ER), a metric
defined as the median ratio of all sgRNAs targeting a gene,
comparing their abundance in the knockdown condition (with
dCas9) to their abundance in the lib (STAR Methods,
Figure 1B; Table S2).

We first analyzed sgRNA abundance in cells cultured in LB
media for known essential and non-essential genes, as deter-
mined by a previous single-gene knockout study (Figure 1C).
Non-essential genes showed much higher ERs (median 0.989)
than essential genes (median 0.346), confirming that ER accu-
rately reflects gene knockdown fitness effects. This high-density
CRISPRI approach, combined with the ER metric—which repre-
sents the median changes of multiple sgRNA targeting a single
gene—offers the advantage of being robust against outliers,
such as sgRNAs with low inhibitory efficiency or off-target bind-
ings. For instance, ERs for the RNA polymerase beta and beta’
subunits, encoded by rpoB and rpoC, respectively, consistent
with their critical roles in cell survival, despite the presence of
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sgRNAs whose abundance changes deviated from the majority
targeting the same gene (Figure S2B).

To evaluate the influence of sgRNA position on inhibitory ef-
fects, we analyzed positional abundance changes of sgRNAs
based on their relative positions within genes. No differences
were observed when comparing sgRNA abundances in LB vs.
the initial library (Figure S2C), suggesting that CRISPRIi inhibitory
activity remained consistent regardless of the sgRNA binding
position. Additionally, we examined sgRNAs targeting 252
essential CDSs (>400 bp) to further assess positional effects. If
such effects were significant, sgRNAs targeting the 5'-portion
of these essential genes would show greater depletion
compared to those targeting the 3’-portion. However, our anal-
ysis revealed no statistical differences in the abundance change
distribution among these sgRNAs (Figure S2D), indicating
consistent activity across the gene body, which align with previ-
ous findings.®'"

Next, we exposed the culture to sub-inhibitory concentrations
of 12 different antibiotics to identify genes affecting cellular re-
sponses to antibiotics (Figure S3; Table S3): (1) oxidative phos-
phorylation inhibitor carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), (2) polymyxin B outer membrane destabilizer, (3) pyocya-
nin redox stress inducer, (4) transcription inhibitor rifampicin, (5)
folate biosynthesis inhibitor sulfamethizole, (6) calcium channel
blocker verapamil, two translational inhibitors, erythromycin and
puromycin, and (7) four DNA damage inducers—phleomycin,
mitomycin C, methyl methanesulfonate (MMS), and novobiocin.

Universal responses of E. coli against various antibiotic
treatments

Principal component analysis (PCA) of the ER data revealed
diverse responses of E. coli to antibiotics with different modes
of action (Figure 2A). The analysis showed a diverse distribution
of conditions, indicating that the enrichment of knockdown
strains in the culture population varied depending on the antibi-
otics used. Although the E. coli strain was sensitive to all antibi-
otics tested, changes in sgRNA abundance following antibiotic
exposure showed that certain gene knockdowns were either ad-
vantageous or detrimental to cell survival at sub-lethal antibiotic
concentrations.

To identify significant gene knockdowns, we compared the
ERs of individual genes and their fold changes between treated
and untreated controls. Genes with an ER that changed by more
than 1.5-fold compared to the untreated control and with an
average ER above 0.25 were considered to significantly affect
fitness under a given antibiotic treatment. As a result, 1,085
gene knockdowns were found to induce significant fitness differ-
ences in response to antibiotics (Table S4). The majority of these
knockdowns (72.9%) were specific to only one or two antibiotics,
while a small subset of genes had pleiotropic effects across mul-
tiple antibiotics (Figure S4).

Before investigating individual genes responding to each anti-
biotic, we aimed to determine whether there was a universal set
of genes in E. coli that respond to various antibiotics. Interest-
ingly, seven genes exhibited consistent changes in their ERs
across 10 or more antibiotics (Figure 2B). The stress response
sigma factor RpoS, known for its involvement in various anti-
biotic responses, did not meet this criterion, as it showed
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(A) Schematic of library design and construction for genome-scale CRISPRi screening following various antibiotic treatments using a sgRNA library (lib) (n =

39,591) that targeted every 100 bp of coding sequences in E. coli.

(B) Profiles of sgRNA abundance in a synthetic library (lib) and genome-scale CRISPRI screening. The number of each sgRNA was normalized by the number of
million mapped reads. The enrichment ratio (ER) of a gene was defined as the median abundance change of individual sgRNAs in a gene.
(C) ER distribution of known essential (E) and non-essential (NE) genes based on single gene knockout study.' See also Figures S1-S3, Tables S1, S2, and S3.

significant ER changes in response to eight antibiotics
(Figure 2B). Compared to RpoS, the broad-spectrum fitness ef-
fects of these seven genes were unexpected.

Knockdowns of three of these universally responding genes—
degP, yacG, and ybbC—resulted in deleterious fitness effects
under antibiotic treatments, suggesting their protective roles
against antibiotics. degP encodes the protease Do, which de-
grades abnormal, damaged, and aggregated proteins in the peri-
plasm.'>"* Growth profiling of a degP null mutant revealed
weaker growth compared to the wild-type strain when exposed
to multiple antibiotics (Figures 2C and S5). Although the growth
defect was not highly significant, the degP mutant showed a mi-
nor competitive disadvantage in the population. Given the pro-
tective effect of degP against antibiotic stress, its beneficial
role against two translational inhibitors erythromycin and puro-
mycin was expected. However, its prominent role against
many other antibiotics was surprising. It is possible that a slower
division rate requires elevated protein quality control activity or
that degP plays a crucial role in maintaining the integrity of the
membranous and periplasmic barriers, which are important for
excluding or preventing the entry of toxic compounds. E. coli
has two additional serine proteases, DegQ and DegS, which
are homologous to DegP.'® However, the ERs of these prote-
ases did not change significantly (Table S2). DegP, DegQ, and
DegS belong to the HirA family of proteases, which are impli-
cated in protein quality control and chaperone activity. The func-

tional differences between these HtrA family proteases are not
well understood, but there is evidence that they may have non-
overlapping functions, as suggested by the inability of DegS or
the partial ability of DegQ to complement the loss of DegP.'® Dif-
ferences in localization, regulatory roles, and potential substrate
specificity and processivity could explain why DegP alone is
responsible for the antibiotic stress response.'®

Additionally, the population of sgRNAs targeting the endoge-
nous gyrase inhibitor YacG'” was depleted upon antibiotic expo-
sure (Figure 2B). While the impact of YacG perturbation on DNA-
damaging agents is understandable, its effect on antibiotics
seemingly unrelated to DNA was unexpected. This may be due
to reduced levels of energetically costly DNA replication and
transcription, mediated by the gyrase inhibitor YacG, in non-
dividing cells, resulting in a more stress-tolerant state. However,
detailed molecular links between YacG and various antibiotics
require further investigation. The last gene, ybbC, showed a
drastic decrease in gRNA abundance, indicating a potential pro-
tective role in the antibiotic stress response.

On the other hand, knockdowns of the remaining four genes—
yjiG, rmlE, yebO, and yoaC—had beneficial effects (Figure 2B),
suggesting that their functions are detrimental for survival under
antibiotic exposure. Although YebO is predicted to be located on
the inner membrane, the molecular roles of YoaC and YebO in
the antibiotic response remain unclear, as the functions of these
proteins have not yet been characterized. However, there are
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Figure 2. Changes in gene essentiality under various antibiotics treatments
(A) Principal component analysis of the various stresses was performed based on ER.
(B) Genes whose ERs changed significantly against 10 or more antibiotics. Blue and red triangles indicate ERs increased and decreased 1.5-fold, respectively,

with mean ER (treatment and untreated LB control) larger than 0.25.

(C) Fitness of rpoS, degP, and yjiG knockout strains under antibiotics treatment. Area under growth curve (AUC) estimates growth performance, calculated from
growth curve (7 h of incubation). Bars and error bars represent mean values and SD of three replicated cultures. *p-value < 0.05, **p-value < 0.01 (two-sided

Welch’s t-test).

(D) Heatmap showing the ER values of genes related to multidrug resistance and efflux systems according to the stresses. RND: resistance-nodulation-division
family transporters. ABC, ATP-binding cassette transporters; MFS, major facilitator superfamily transporters; SMR, small multidrug resistance family protein;
MATE, multidrug and toxic compound extrusion family transporters; PET, putative efflux transport family transporters; FSR, fosmidomycin resistance family
protein; IT, ion transporter superfamily transporter; AEC, auxin efflux carrier family transporter. See also Figures S4, S5, Tables S2, and S4.

potential explanations for the deleterious effects observed in the
knockdowns of yjiG and rmiE. YjiG is a Gate family protein
located in the periplasm with predicted inner membrane do-
mains.'® The protein belongs to two protein families: the FeoB
GTPase Gate (InterPro: IPR011642) and spore maturation pro-
tein B (SmpB; InterPro: IPR052549) families. The Gate domain
is responsible for nucleoside specificity in human nucleoside
transporter proteins,'® while in bacteria, it functions in Fe**
transport.?° Thus, this domain may be involved in the transport
of a wide range of substrates. Additionally, the SmpB family in-
cludes proteins involved in transporting various molecules in or
out of spores. Based on the CRISPRIi screening and the functions
of the protein domains, we predict that YjiG functions as a gate,
potentially serving as an entry point for antibiotics. To further
investigate this hypothesis, we monitored the growth of an yjiG
knockout strain under antibiotic treatment (Figures 2C and S5).
Although the fitness increase was not highly significant, the
absence of YjiG enhanced the fitness of E. coli against most an-
tibiotics (Figure 2C), supporting our hypothesis.

4 iScience 28, 112435, May 16, 2025

Lastly, ImE encodes a 23S rRNA 2’-O-ribose U2552 methyl-
transferase, which does not appear to be directly related to anti-
biotic response. However, previous studies have shown that
disruption of genes involved in RNA modification can be either
detrimental or beneficial,?'* potentially due to differential trans-
lation and codon adaptation that affect bacterial stress
response. Specifically, rimE disruption had beneficial effects un-
der sub-lethal levels of tobramycin and ciprofloxacin in Vibrio
cholerae.?® The molecular connections between antibiotics and
translational adaptations through RNA modification are
intriguing and warrant further in-depth investigation.

Additionally, several mechanisms, including efflux pumps,
have been reported in E. coli that confer protection against a
wide range of stresses and chemicals.>**> We found that the
outer membrane channel TolC exhibited a lower ER when
treated with most antibiotics compared to the LB control, indi-
cating its versatile role in cellular defense (Figure 2D). Notably,
the ER of tolC (0.245) in the LB control was below the median
ER of essential genes (0.346), consistent with the previously
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Table 1. Summary of genes exhibited significant ER changes upon antibiotic treatments

Antibiotics Gene Description ER change
Pyocyanin SoxRS DNA-binding transcriptional dual regulators SoxR Decreased
ubiC chorismate lyase Decreased
ubiD 3-octaprenyl-4-hydroxybenzoate decarboxylase Decreased
ubiF 3-demethoxyubiquinol 3-hydroxylase Decreased
ubiH 2-octaprenyl-6-methoxyphenol 4-hydroxylase Decreased
ubil 2-octaprenylphenol 6-hydroxylase Decreased
ubiX flavin prenyltransferase Decreased
yqiC ubiquinone biosynthesis accessory factor UbiK Decreased
SufA iron-sulfur cluster insertion protein SufA Decreased
sufBCD Fe-S cluster scaffold complex Decreased
Sufe sulfur carrier protein Sufk Decreased
sufS L-cysteine desulfurase Decreased
arcA DNA-binding transcriptional dual regulator ArcA Decreased
iscS cysteine desulfurase Decreased
gshA glutamate —cysteine ligase Increased
gshB glutathione synthetase Increased
gss fused glutathionylspermidine amidase/glutathionylspermidine synthetase Increased
sapA putative periplasmic binding protein SapA Increased
sapBC putrescine ABC exporter membrane subunits Increased
sapDF putrescine ABC exporter ATP binding proteins Increased
CCCP yoal predicted small protein Yoal Decreased
ybhF ABC exporter ATP binding subunit YbhF Decreased
ybhG HlyD_D23 family protein YbhG Decreased
ybhSR putative ABC exporter membrane subunits Decreased
ybiH DNA-binding transcriptional dual regulator CecR Decreased
atpB ATP synthase Fo complex subunit a Decreased
nuoBEGHJKLM NADH:quinone oxidoreductase Decreased
cyoA cytochrome bog subunit 2 Decreased
cydAB cytochrome bd-I subunits Decreased
sdhACE succinate:quinone oxidoreductase Decreased
hpf ribosome hibernation-promoting factor Increased
sapA putative periplasmic binding protein SapA Increased
sapBC putrescine ABC exporter membrane subunits Increased
sapF putrescine ABC exporter ATP binding proteins Increased
Polymyxin B waaB UDP-D-galactose:(glucosyl)lipopolysaccharide-1,6-D-galactosyltransferase Decreased
waaC ADP-heptose:LPS heptosyltransferase 1 Decreased
waaO UDP-D-glucose:(glucosyl)LPS a-1,3-glucosyltransferase Decreased
waaP lipopolysaccharide core heptose (I) kinase Decreased
waaQ lipopolysaccharide core heptosyltransferase 3 Decreased
waaR UDP-glucose:(glucosyl)LPS a-1,2-glucosyltransferase Decreased
waaZ lipopolysaccharide core biosynthesis protein Decreased
bamACE outer membrane protein assembly factors Decreased
pldA outer membrane phospholipase A Decreased
opgGH osmoregulated periplasmic glucans biosynthesis proteins Decreased
tolR, pal Tol-Pal system proteins Decreased

(Continued on next page)
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Table 1. Continued

Antibiotics Gene Description ER change

Rifampicin rooD RNA polymerase sigma factor Decreased
rraA ribonuclease E inhibitor protein A Decreased
sapA putative periplasmic binding protein SapA Increased
sapBC putrescine ABC exporter membrane subunits Increased
sapDF putrescine ABC exporter ATP binding proteins Increased

Sulfamethizole folB dihydroneopterin aldolase Decreased
folK 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine diphosphokinase Decreased
nudB dihydroneopterin triphosphate diphosphatase Decreased
folD bifunctional methylenetetrahydrofolate dehydrogenase/ Increased

methenyltetrahydrofolate cyclohydrolase

sapA putative periplasmic binding protein SapA Increased
sapBC putrescine ABC exporter membrane subunits Increased
sapF putrescine ABC exporter ATP binding proteins Increased

Verapamil secF, yajC Sec translocon accessory complex subunit Decreased
tolAQR, pal Tol-Pal system proteins Decreased
mlaCDE intermembrane phospholipid transport system proteins Decreased
tatAC twin arginine protein translocation system proteins Decreased

See also, Table S4.

observed growth defect of the to/lC mutant, underscoring its
physiological importance.?®?” TolC forms a tripartite efflux
pump with resistance-nodulation-division (RND) partners, con-
sisting of a membrane fusion protein (MFP) and a permease,
such as AcrAB and MdtEF.?® In response to erythromycin, the
mean ER of mdtE, mdtF, and tolC decreased to 53.8% of that
in LB (ER_g) (Figure 2D). MdtEF has been reported as an efflux
pump for erythromycin,?® thus validating the CRISPRi-based
identification of genes involved in the antibiotic stress response.
Interestingly, the ER of the MFP component MdtE decreased by
1.33-fold with pyocyanin treatment compared to ER, g, whereas
its known permease partner, MdtF, was resistant to CRISPRIi
knockdown. In fact, MFP-permease complexes can form
chimeric structures with different partners,®*®' resulting in
different substrate specificities. Similarly, MdtE may interact
with an orthologous permease to exclude pyocyanin.

In addition to MdtEF, the E. coli AcrA mutant has also been
shown to be susceptible to mitomycin C, erythromycin, and
novobiocin®?; however, the ERs for the three drug treatments
were marginal in the CRISPRi screen (90.0, 91.2, and 100.1%
of ER_g, respectively). This may indicate the presence of redun-
dant efflux pumps that mitigate the knockdown effect of AcrA.
Furthermore, pyocyanin treatment resulted in 1.9- and 1.2-fold
lower ERs for acrAB and the RND proton antiporter ermKY,
respectively, compared to ER_g. These results suggest a
possible role for AcrAB-TolC and ErmKY-TolC in pyocyanin
efflux in E. coli. Interestingly, the ER of to/C decreased by 1.3-
and 1.5-fold when treated with phleomycin and puromycin,
respectively. However, none of the known RND partners ex-
hibited an ER lower than that of LB, implying the existence of un-
known RND systems responsible for exporting phleomycin and
puromycin. This discovery could provide insights into the diverse
specificity of TolC when paired with different RND partners,

6 iScience 28, 112435, May 16, 2025

potentially revealing a broader range of interactions than previ-
ously understood.

The CRISPRI screen identified genes involved in antibiotic re-
sponses that had not been previously recognized. Moreover, this
approach may more accurately reflect population dynamics,
closely mimicking physiological scenarios compared to single-
gene disruption studies.

CRISPRI screen reveals specific cellular targets of
antibiotic action
Responses to reactive oxygen species generating
antibiotics: Pyocyanin
Next, we investigated how individual genes in E. coli change their
fitness in response to various antibiotics (Table 1). First, pyocya-
nin, a redox-active compound, exerts its antibiotic effect by
generating reactive oxygen species (ROS).>®> While its targets
and mechanisms are well-established in human cells,***° its
molecular action in bacterial cells remains less understood. Con-
trary to earlier findings that pyocyanin generates ROS, the ERs of
superoxide dismutase and catalase did not show significant
changes, likely due to their redundant roles in ROS manage-
ment.*® Instead, the ERs of the redox-responsive two-compo-
nent systems SoxRS and ArcAB decreased by 6.0- and 1.6-
fold, respectively (Figure 3A). These systems are crucial for
managing ROS stress by activating genes involved in ROS miti-
gation.®”*® When soxR and soxS knockout mutants were tested,
they exhibited significantly higher sensitivity to pyocyanin,
compared to the wild-type control (Figures S6A and S6B), sup-
porting the observed decrease in ER for the SoxRS system under
pyocyanin stress.

The CRISPRI screening also revealed effects on other cellular
processes. Specifically, genes involved in both iron-sulfur sys-
tems, Isc and Suf, showed decreased ERs, indicating damage
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See also Figure S6, Tables S2, and S4.

to iron-sulfur clusters. The entire Suf system (sufABCDES) ex-
hibited an average ER decrease of 2.5-fold, while only iscS in
the Isc system showed a significant 1.7-fold decrease. Among
the two redundant iron-sulfur assembly systems, only the Suf
system is induced by oxidative stress, and iscS is critical for re-
pairing damaged iron-sulfur clusters.>**° These results under-
score the damage caused by pyocyanin and the importance of
the Suf system and IscS in responding to this damage.

Additionally, CRISPRi indicated perturbations in ubiquinol
metabolism, evidenced by reduced fitness in knockdowns of
ubiquinol-8 biosynthetic genes (ubilHFXCD and yqiC, also
known as ubiK) (Figure 3A). Ubiquinol-8 is essential for various
redox-related processes, including respiration, and serves as
an antioxidant against oxidative stress.*' This finding further
supports the notion that pyocyanin induces oxidative stress.

Interestingly, strains with reduced expression of genes
responsible for glutathione and glutathionylspermidine biosyn-
thesis (gshAB and gss) were enriched 4.2-fold upon pyocyanin
treatment (Figure 3A). Pyocyanin can directly oxidize gluta-
thione, leading to the formation of pyocyanin radicals and super-
oxide.”? Thus, CRISPRi screening provides insights into the
molecular mechanisms by which pyocyanin acts as an antibiotic
by targeting the source of ROS.

Overall, this investigation demonstrates how CRISPRIi reveals
the mechanisms of antibiotic action and identifies key molecular

players involved in antibiotic responses on a genome-wide
scale.

Responses to oxidative phosphorylation inhibiting
antibiotics: CCCP

CCCP, an inhibitor of oxidative phosphorylation, had the most
pronounced effect on genes involved in the electron transport
chain. This included NADH dehydrogenase | (huoBEGHJKLM),
succinate dehydrogenase (sdhACE), ubiquinol oxidase (both cy-
tochrome bo and bd-I; cyoA and cydAB), and ATP synthase
(atpB) (Figure 3B). Although not all subunits of these complexes
exhibited significant changes in ER, the knockdown of most sub-
units was detrimental to fitness. This finding highlights the
increased essentiality of genes involved in energy generation in
response to CCCP.

We also identified a putative ABC exporter that may play a role
in actively removing CCCP. This exporter, composed of
YbhFSR, the membrane fusion protein YbhG, and their tran-
scriptional regulator YbiH, showed a 3.58-fold decrease in
gRNA abundance (Figure 3B). This exporter has been implicated
in the efflux of various antibiotics, including cephalosporin,
chloramphenicol, tetracycline, and cationic compounds.****
Combined with the increased CCCP sensitivity observed in an
ybhG knockout mutant (Figures S6A and S6C), these findings
suggest that the YbhFGSR exporter may be involved in the
export of CCCP.
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Notably, the ER of a predicted small membranous protein,
Yoal (34 amino acids), exhibited the most significant change,
with over a 6-fold decrease compared to LB. Although the func-
tion of Yoal is not yet fully understood, it has been identified as
part of the phosphate regulon in virulent E. coli 0157:H7,*° sug-
gesting a potential role in phosphate and energy metabolism.

Conversely, knockdowns of hpf (ribosome hibernation-pro-
moting factor), sapA (a periplasmic binding protein), and sapBCF
(putrescine ABC exporter subunits) were beneficial for survival
(Figure 3B). Hpf promotes persister cell formation by inactivating
ribosomes and protecting them from ribonucleases under stress
conditions, such as starvation.“® Although Hpf helps in entering a
persistent state and resuscitating from it by protecting ribo-
somes, our CRISPRI screen indicates a detrimental effect in
the presence of CCCP. This suggests a dual role of bacterial
persistence —beneficial under physiological stress and lethal
antibiotic levels but potentially disadvantageous during compe-
tition under sub-lethal antibiotic levels.

Additionally, knockdowns of the Sap transporter (SapABCDF)
were enriched. This transporter mediates putrescine export in
E. coli.*” However, SapA, a predicted periplasmic binding pro-
tein of the exporter, shares 90.5% and 38.1% sequence identity
(BLASTP search) with homologs from Salmonella typhimurium
and Haemophilus influenzae, respectively. In these organisms,
the SapABCDF complex is responsible for importing small anti-
microbial peptides rather than exporting putrescine.*®*° Growth
profiling of a sapF knockout strain revealed increased resistance
not only to CCCP (Figures S6A and S6C) but also to multiple
other antibiotics (Figure S6A). suggesting that the function and
substrate of the Sap transport system in E. coli may differ from
previously understood. Instead, combined with the growth
profiling results, this indicates that the Sap transporter may serve
as an entry point for antibiotics.

Responses to antibiotics with cationic detergent action:
Polymyxin B

Polymyxin B challenge primarily depleted knockdowns of genes
essential for maintaining outer membrane integrity. Specifically
affected were genes involved in lipopolysaccharides (LPS) core
biosynthesis (waaBCOPQRZ), components of the BAM complex
(bamACE), outer membrane phospholipase A (p/dA), compo-
nents of the Tol-Pal complex (to/R-pal), and osmoregulated peri-
plasmic glucans biosynthesis (opgGH) (Figure 3C).

Polycationic antibiotics like polymyxins initially enter bacterial
cells through electrostatic interaction with negatively charged
LPS, particularly via the phosphate groups of the lipid A moi-
ety.”® Enterobacteria typically develop resistance by attaching
4-amino-4-deoxy-L-arabinose to these phosphate groups,®’ a
modification mediated by the Arn system (arnABCDEFT). How-
ever, the ER of the Arn system did not change significantly
(Table S2), likely due to its low expression under the experi-
mental conditions. This resistance mechanism requires activa-
tion of the latent Arn pathway by the BasSR two-component sys-
tem under high iron concentration.**> Instead, genes crucial for
maintaining outer membrane integrity became more essential.

Knockdowns of many LPS core biosynthesis genes were
detrimental during the polymyxin challenge. The LPS core oligo-
saccharide, attached to the lipid A moiety, is vital for membrane
structure and stability.>* Previous studies have shown that a
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waaC mutant, which lacks most of the core segment, is more
sensitive to polymyxins.>® Similarly, a waaG knockout mutant
also showed increased sensitivity to polymyxin B (Figures S6A
and S6D). Polymyxins exert their antibiotic effect by forming
LPS-polymyxin crystal complexes, which physically disrupt the
membrane.* The length of the LPS core affects the dimensions
of these crystallin structures, thereby altering polymyxin sensi-
tivity.>® Thus, changes in the expression of LPS core biosynthetic
genes were reflected in the ER changes, demonstrating their role
in polymyxin response.

Other genes involved in maintaining membrane integrity, such
as pldA (outer membrane phospholipase A), tolR-pal (Tol-Pal
complex), and opgGH (osmoregulated periplasmic glucans
biosynthesis), are also related to the polymyxin response. These
genes are essential for the stability and function of the outer
membrane.

The BAM complex, responsible for the assembly and insertion
of beta-barrel proteins into the outer membrane, also showed
significant ER changes. The ERs of this complex decreased by
an average of 1.6-fold (Figure 3C), underscoring its critical role.
Loss-of-function mutations in subunits of the BAM complex
have been reported to increase outer membrane permeability,
supporting this observation.’®>” Because bamA is an essential
gene, studying membrane biogenesis through the BAM complex
typically requires specific approaches such as suppressor muta-
tions or gene depletion.®® In contrast, the CRISPRi screen effec-
tively identified the complex despite its essential nature, show-
casing the advantage of CRISPRI screening over conventional
methods.

Responses to antibiotics with transcription inhibitor
action: Rifampicin

Rifampicin treatment resulted in changes in the ERs of 160
genes. However, biological pathway and process enrichment
analysis (KEGG mapping®®) did not reveal any significant enrich-
ment in conserved biological functions. Despite this, two notable
observations were made: the housekeeping sigma factor RpoD
and the ribonuclease E inhibitor RraA became more essential un-
der rifampicin treatment (Figure 3D). Unlike rraA, no significant
changes in the ER of RNases were observed (Table S2). Addi-
tionally, the Sap transporter, which showed beneficial effects
against CCCP, also exhibited an increased ER under rifampicin
treatment, and the sapF knockout strain displayed a slightly
enhanced fitness in the presence of rifampicin (Figures S6A
and S6E).

Responses to folic acid production inhibiting antibiotics:
Sulfamethizole

Sulfamethizole, a sulfonamide antibiotic, inhibits dihydropter-
oate synthase (DHPS), an enzyme involved in folate synthesis.*®
Folates consist of three chemical moieties: p-aminobenzoate
(PABA), a pterin ring, and poly-glutamate. pABA is synthesized
from chorismate by the enzymes PabABC, while the pterin moi-
ety is synthesized from GTP via NudB and FolBEK. DHPS, en-
coded by folP, then catalyzes the condensation of pABA with
6-hydroxymethyl-dihydropterin diphosphate, followed by addi-
tion of glutamates by FolC, producing dihydrofolate (DHF).
DHF can be further reduced by FolM and FolA into tetrahydrofo-
late (THF), which serves as the backbone structure for various
folate family coenzymes.
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Interestingly, not all genes involved in this multi-branched
folate synthesis pathway were equally affected. Genes respon-
sible for pterin synthesis (hudB and folBK) showed a significant
decrease in ER, while those involved in pABA synthesis re-
mained unaffected (Figure 3E). The molecular target of sulfame-
thizole, FolP, and its downstream THF synthesis pathway
(FOIACM) exhibited only marginal decrease in their ERs. Addi-
tionally, FolD, which converts THF into N'°-formylTHF, showed
a beneficial effect when knocked down in the presence of sulfa-
methizole (Figure 3E). The reason for the varying fitness effects
among genes required for THF biosynthesis is not entirely un-
clear. Folates are a diverse group of compounds with varying
redox states, glutamate chain lengths, and chemical modifica-
tions, serving as coenzymes in numerous cellular processes.
These diverse roles may contribute to the observed differences
in gene essentiality. The transformation and dynamics of folates
in response to stress warrant further detailed investigation, as
they may provide insights into the complex interplay between
antibiotic action and cellular metabolism.

Responses to calcium-channel blockers antibiotics:
Verapamil

Finally, we investigated gene knockdowns in response to
verapamil treatment. Unlike in eukaryotic cells, the calcium
channel blocker verapamil does not affect Ca®* levels in
E. coli.?® Instead, it induces membrane depolarization and ac-
tivates the extra-cytoplasmic RpoE response via DegP and
PspA, independently of the envelope stress response system
CpxR.%" Although the exact molecular mechanism of verapamil
remains unclear, CRISPRIi screening revealed that the following
systems were affected: intermembrane phospholipid transport
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(mlaCDE), the Tol-Pal system (tolAQR
murG and pal), the Sec protein translocation
murD fsW »mur®-  system (secF and yajC), and the twin-

arginine protein translocation (Tat) sys-
tem (tatAC) (Figure 3F). However, a
yajC null mutant, despite being part of
the Sec translocon with an unknown
function, exhibited similar verapamil-induced growth retarda-
tion as the wild-type (Figure S6A). Notably, growth profiles
showed increasing variability between replicated cultures
over time, particularly after 4 h when a diauxic growth pattern
emerged (Figure S6G). This suggests that complete yajC dele-
tion may accelerate resistance development. Further investiga-
tion is needed to elucidate the precise mechanism of verapamil
and its potential interactions with the Sec translocon.
In conclusion, the genome-scale CRISPRI screening provides
a valuable dataset that captures the diverse cellular processes
involved in antibiotic responses in E. coli. Importantly, it reveals
the fitness effects of essential genes by modulating their expres-
sion levels without causing complete gene disruption.
Responses to DNA damaging agents: MMS, phleomycin,
mitomycin C, and novobiocin
Next, we investigated the responses of essential genes to DNA-
damaging antibiotics, including MMS, phleomycin, mitomycin C,
and novobiocin (Figures 4A and S7). Two genes, rpoS and yacG,
were found to be significantly more essential under DNA-
damaging conditions (Figures 4A and 4B). The stress response
sigma factor RpoS, a key effector of DNA-related stress, showed
an average decrease in ER by 2.0-fold when exposed to DNA-
damaging agents. In contrast, the ER of sgRNAs targeting
rpoS in LB media was 1.98, indicating a preference for silencing
rpoS under stress-free conditions. This finding aligns with the
known role of RpoS in mediating DNA repair by inducing a
network of stress-response genes.®?
The population of sgRNAs targeting the endogenous gyrase
inhibitor gene yacG was depleted by an average of 1.9-fold
when exposed to the four DNA-damaging agents (Figures 4A

iScience 28, 112435, May 16, 2025 9




¢? CellPress

OPEN ACCESS

and 4B). Despite the potential antibiotic tolerance conferred by
YacG, its increased essentiality under novobiocin treatment
was unexpected. Both YacG and novobiocin are gyrase inhibi-
tors, so one might anticipate a synergistic effect. However, the
opposite was observed. This discrepancy can be explained by
their differing molecular mechanisms: the gyrase complex in-
duces negative supercoiling of double-stranded DNA by
exchanging strands after double-strand breaks.®® Novobiocin
stalls gyrase by inhibiting the ATPase activity of GyrB, leading
to double-strand breaks, while YacG prevents the gyrase com-
plex from binding to DNA,"” thus mitigating the damage caused
by novobiocin. This protective effect of YacG also appeared to
be beneficial against the other three DNA-damaging agents.

Four additional genes—degP, ybbC, yqcG, and yciE—were
significantly affected by CRISPRi knockdowns under three
DNA-damaging agents, although their functions are not well
characterized (Figure 4A).

Notably, glutamate racemase (Murl) showed a significant
change in ER in response to phleomycin and mitomycin C
(Figures 4A and 4B). Additionally, genes involved in peptido-
glycan biosynthesis (mur genes, including murC) exhibited
more than a 1.5-fold change in ERs, although they did not
meet the mean ER criterion (>0.25) due to low ERs in LB condi-
tions (Figure 4C; Table S2). Interestingly, Murl exhibits gyrase
inhibitory activity when activated by UDP-N-acetylmuramyl-L-
alanine,®* a product of UDP-N-acetylmuramate-L-alanine ligase
(MurC). Although the exact mechanism of gyrase inhibition by
Murl is unknown, it may be similar to YacG in protecting against
DNA damage, as evidenced by the decreased ERs of murl,
murC, and yacG under DNA-damaging conditions (Figures 4B
and 4C).

Several peptidoglycan biosynthetic genes are encoded in the
ftsLI-murEF-mraY-murD-ftsW-murGC operon. The leader gene
ftsL, which encodes an essential component for cell division pro-
tein assembly and recruitment, showed a 1.8-fold decrease in
ER, though it did not meet the average ER > 0.25 criterion
(Figures 4C and 4D). The molecular mechanism by which FtsL
protects against DNA damage is unclear, but the connection be-
tween DNA damage and cell wall synthesis may be crucial for
coordinating DNA replication and cell division. Alternatively,
CRISPRI targeting of ftsL may have a polar effect on the operon,
altering fitness through murC, even though ftsL itself does not
appear to directly protect against DNA damage (Figure 4D).
Although not all DNA repair systems in E. coli exhibited signifi-
cant ER changes, the homology-directed repair genes recO
and recA showed decreased ERs in response to mitomycin C
and MMS. Knockout of recO resulted in increased sensitivity to
these antibiotics (Figures 4E and S8), while no significant
changes were observed for phleomycin and novobiocin. This is
likely because recA and recO provide protection against DNA
crosslinking and methylation induced by mitomycin C and
MMS, respectively, but do not play a major role in repairing the
double-strand breaks caused by phleomycin and novobiocin.
Responses to translation inhibitors: Erythromycin and
puromycin
When translation inhibitors erythromycin and puromycin were
used, only a few genes showed significant responses. Notably,
the ERs of the proteases, DegP and Lon, which are involved in
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protein quality control,’®®® were significantly altered (Figures

5A and S9). The ERs of degP’ decreased in the presence of these
antibiotics compared to those in LB, highlighting its critical role
under translational stress. Conversely, lon knockdown had a
beneficial effect under translational stress, according to the
CRISPRI screening (Figure 5A). This is because Lon protease de-
stabilizes the multidrug efflux pump AcrAB-TolC,%° which is the
most versatile efflux system against antibiotics (Figure 2D).
Consistently, lon knockout strain exhibited insensitivity to eryth-
romycin and puromycin (Figure S10). Therefore, these findings
suggest that in the presence of antibiotics, stabilization of the
efflux system through Jon inhibition outweighs the benefits of
its role in protein quality control. Additionally, UDP-3-O-acyl-N-
acetylglucosamine deacetylase (LpxC), involved in lipid A
biosynthesis, was crucial for the response to translation inhibi-
tors. This aligns with previous studies showing that LpxC inacti-
vation increases antibiotic permeability and causes leakage of
periplasmic enzymes®”°® (Figure 5A).

Furthermore, auxiliary factors previously reported to be
involved in translational stress®® showed distinct responses to
different translation inhibitors (Figure 5B). For instance, knock-
down of the ribosome rescue factor ArfA was detrimental when
cells were treated with puromycin, with ER decreasing by
17.5%. ArfA protects against puromycin by releasing puromycy-
lated peptides from stalled ribosomes. However, ArfA had no
beneficial effect during erythromycin treatment, with its ER
increasing by 9.5%. This difference can be explained by the
fact that erythromycin inhibits aminoacyl transfer from the
A-site to the P-site, preventing ArfA from accessing the amino-
acyl-occupied A-site for rescue. These findings illustrate the
complexity of E. coli’s response to antibiotic stresses induced
by different molecular mechanisms, highlighting the distinct
roles of various proteases and auxiliary factors in mediating anti-
biotic resistance.

DISCUSSION

This study demonstrates the efficacy of a genome-wide CRISPRI
approach for screening essential genes and assessing gene
fitness under various antibiotic treatments. Compared to con-
ventional knockout methods, CRISPRI significantly reduces the
time and effort required to screen the entire coding sequence.
Once the library is constructed, gRNA populations can be effi-
ciently monitored against diverse stresses through simple cell
culture, plasmid extraction, and high-throughput sequencing.
Notably, there was substantial agreement between essential
genes identified in a previous knockout study' and those identi-
fied through CRISPRI screening, highlighting the capability of
CRISPRI to rapidly identify essential genes under specific
conditions.

Our application of CRISPRI screening uncovered genetic re-
sponses of E. coli to various antibiotics, revealing universal
stress responses. For instance, periplasmic protease DegP,
involved in protein quality control and membrane barrier rein-
forcement, exhibited a protective role across multiple antibiotics.
Moreover, inhibition of the uncharacterized gate family protein
YjiG proved beneficial against antibiotics treatment, suggesting
its potential involvement in antibiotic entry, as supported by
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growth profiling of knockout strains (Figure 2). Various efflux
pumps, including the outer membrane channel TolC and its
associated partners, showed fithess changes when inhibited
by CRISPRI. Targeting to/C with sgRNA led to cell extinction un-
der most antibiotic treatments, emphasizing the critical role of
TolC in antibiotic efflux. However, the essentiality of other efflux
pumps varied based on the type of antibiotic, indicating distinct
ligand specificities for each pump.

In addition to universal responses, CRISPRi exposed biolog-
ical processes involved in specific antibiotic treatments. Over a
thousand genes exhibited significant ER changes, indicating
the broad spectrum of cellular processes affected by antibiotic
action. We identified genes previously unrecognized for their
role in antibiotic stress response, such as the Sap transporter re-
sponding to multiple antibiotics, including pyocyanin, CCCP,
and rifampicin (Figure 3). This underscores the potential of
genome-wide CRISPRi screening to identify hidden factors
involved in antibiotic responses.

CRISPRI screening also revealed that many essential mem-
branous proteins contribute to antibiotic tolerance. While the
E. coli membrane and periplasmic proteome have remained
under-characterized, likely due to experimental technique lim-
itations, the robustness of CRISPRi screening was evident in
its ability to identify membrane proteins, such as the outer
membrane beta-barrel assembly machinery (BAM). Further-
more, the non-disruptive nature of CRISPRi allowed for
screening of essential genes that cannot be probed by gene
disruption, such as the sigma 70 factor (RpoD) alongside
BAM complex.

Moreover, CRISPRI screening identified not only genes
required for antibiotic tolerance but also genes whose inactiva-
tion enhances survival. For example, glutathione biosynthetic
genes—glutamate-cysteine ligase (gshA), glutathione synthe-
tase (gshB), and glutathionylspermidine synthetase (gss)—

Sap system might influence antibiotic up-
take and resistance. This dataset sheds
light on potential bacterial resistance
mechanisms to various antibiotics and uncovers genetic factors
that could serve as targets for therapeutic interventions.

In conclusion, genome-wide CRISPRI screening provides a
rapid and robust method for exploring fundamental processes
in E. coli. This study yields insights into the molecular mecha-
nisms underlying antibiotic responses and the genetic basis.
The screening results constitute a valuable dataset for identifying
potential targets for antibiotics or sensitizers and generating hy-
potheses for further studies to elucidate transcriptional regulato-
ry networks and resistance mechanisms with potential clinical
relevance.

Limitations of the study

A limitation of the CRISPRi approach is its focus on transcrip-
tional inhibition, precluding the induction of silent genes under
antibiotics challenge. This can be addressed by employing
CRISPR activation (CRISPRa), utilizing dCas9 fused with tran-
scriptional activators for targeted gene activation.’® Recent ad-
vancements in dCas9 engineering have overcome restrictions
related to the protospacer adjacent motif (PAM) sequence and
stringent CRISPRa target requirements, improving predictive
rules for designing effective gRNAs.”' Integrating CRISPRa
could complement the limitations of CRISPRi screening, and
investigating gene activation in E. coli under antibiotic stress rep-
resents a promising direction for future research.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Suhyung Cho (shcho95@kaist.ac.kr).
Materials availability

Reagents generated in this study are available from the lead contact with Ma-
terials Transfer Agreements.
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Data and code availability
o Original data of CRISPRi amplicon sequencing have been deposited at
European Nucleotide Archive as ENA: PRJEB33267 (https://www.ebi.
ac.uk/ena/browser/view/PRJEB33267) and are publicly available as of
the date of publication.
® Alloriginal codes are available in this paper’s supplemental information.
® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Horizon Discovery
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Cat. No. 60242-1
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Oligonucleotides

See Table S5 for oligonucleotides This study N/A
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See Table S6 for oligonucleotide This study N/A

pool used in this study.
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pdCas9 Bikard et al.” Addgene 46569

pgRNA-bacteria Qietal.’ Addgene 44251
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In house python scripts for sgRNA design This study Datas S1, S2, and S3
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Other
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microplate-instrumentation/microplate-
readers/multimode-microplate-readers/
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METHOD DETAILS

Bacterial strains

To test the CRISPRI system, an mrfp-nptll (neomycin phosphotransferase; kanamycin resistance gene) cassette was introduced into
E. coli K-12 MG1655 chromosomal DNA between /ac/ and lacZ via lambda recombination.’®’? dCas9 and sgRNA were expressed
with separate plasmids, pdCas9 plasmid’® (cat. #46569; Addgene, Cambridge, MA, USA) and pgRNA-bacteria plasmid” (cat.
#44251; Addgene) targeting mrfp (Figure S1A). E. coli cells for sgRNA library construction and for CRISPRi screening were each culti-
vated in LB medium supplemented with 100 pg/ml ampicillin and 35 pg/ml chloramphenicol plus 100 pg/ml ampicillin, respectively.
Single knockout strains were obtained from the KEIO strain collection.” The parental strain of the KEIO collection, E. coli BW25113,
was used as a wild-type control. Growth profiles were monitored on microtiter plates using a Synergy H1 microplate reader (Agilent,
Santa Clara, CA, USA). The primer sequences were summarized in Table S5.

Individual sgRNA plasmids construction

To construct the sgRNA plasmids for groS, pfkB, rpoD, rpoS, and mrfp, sgRNAs were designed for the non-template strands of the
target genes within 100 nt of the start codon of each gene, except for mrfp. The cloned inserts were PCR ampilified using a forward
primer with a Spel restriction enzyme site (5'-GTCAACTAGTA-spacer-GTTTTAGAGCTAGAAATAGCAAGTT) and a reverse primer
with a Hindlll restriction enzyme site (5'-TTTGTTCGGGCCCAAGCTTCA) based on the pgRNA plasmid template. The primer se-
quences were summarized in Table S5.

Microscopy

To observe the mRFP in E. coli K-12 MG1655::mrfp-nptll, 5 pl of cell culture was spread on a low melting agarose (1%) pad (1 mm
thickness) on a glass slide. After drying for 1-2 min, the pad was covered with a glass coverslip and the cells were observed using a
Nikon Eclipse Ti-U Optical Microscope (Nikon, Melville, NY, USA) (Figure S1B).

Design of sgRNA library

All possible sgRNA sequences in the E. coli K-12 MG1655 genome were generated and evaluated as previously described.® Briefly,
candidate sgRNAs were acquired by dissecting all genic regions into 23 mers that began with the protospacer adjacent motif (PAM)
sequence. These sequences were subjected to a BLASTN-based search for off-target binding as described previously.”* Sequences
that aligned to more than one locus in the genome were excluded. Then, gRNAs positioned in the CDS were extracted from the CDS
list (CDSs extracted from the NC_000913.3 RefSeq annotation) using an in-house Python script (Data S1). Simultaneously, the CDSs
were fragmented every 100 nt (Data S2). The first gRNA in a specific CDS fragment was then selected to make the average distance
between the gRNAs 100 nt long. If certain CDS fragments contained no gRNA, the last gRNA of the previous fragment was selected
(Data S3). Finally, the sequences of the selected gRNAs were extracted. Spacer sequences are listed in Table S6.

sgRNA library construction

The protocol for sgRNA library construction has been modified based on a previous method.”® As mentioned above, we designed
sgRNAs for the CRISPRI system with a ratio of one within 100 nt of all CDSs in E. coli K-12 MG1655. A pool of 39,591 oligos consisting
of a 20 nt random spacer and additional sequences for the 5’ and 3’ extensions was synthesized in the form of 5'-GCTCAGTCC
TAGGTATAATACTAGTA-20 nt spacer-GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG-3' by CustomArray Inc. (Bothell, WA,
USA) (Table S6). The last base upstream of the spacer sequence was set to “A” to minimize the deviation in transcription activity
due to the transcription start nucleotide. The synthetic sgRNA pool was amplified with primers sgRNA_Lib_F and sgRNA_Lib_R
(Table S5). The plasmid backbone was amplified from the pgRNA-bacteria plasmid DNA using backbone_F and backbone_R primers
and further treated with Dpnl to remove the template plasmid. Gel-purified 40 ng insert products (200 bp) and 100 ng vector products
(2435 bp) were assembled using a 40 pl reaction and the NEBuilder HiFi DNA Assembly Kit (NEB, Ipswich, MA, USA). Each of the
assembled DNAs (0.5 pl) was transformed into Endura ElectroCompetent Cells (Lucigen, Middleton, WI, USA) according to the man-
ufacturer’s protocol, using a Gene Pulser Il Electroporation System (BioRad, Hercules, CA). Subsequently, 87 transformations were
performed, and the transformants were then plated on LB-agar plates (25 cm x 25 cm) with ampicillin (100 pg/ml). Finally, we ob-
tained 0.8 x 107 colonies from 87 plates, equivalent to 200x coverage for the 39,591 individual sgRNAs. Colonies were collected
by scraping the plates, washed with PBS (50 ml), and centrifuged at 4,000 xg for 10 min at 4 °C to remove the supernatant. The
mass of cells per plate was then measured and adjusted to 0.25 g/ml with PBS. Each 80 mg cells per plate were mixed together
and resuspended homogeneously. Plasmid DNA from mixed cells were then prepared using the PureYield Plasmid Midiprep System
(Promega, Madison, WI, USA), and further purified using a 1% agarose gel to remove contaminating genomic DNA. The purified 50 pl
DNA samples (100 pg/ml) were aliquoted and then stored at -80°C for later use. Finally, the sgRNA library targeting 39,591 positions
was prepared in the form of a plasmid pool.

Generation of antibiotics treated populations

Purified sgRNA library plasmids (100 ng) were transformed into E. coli K-12 MG1655 competent cells containing the pdCas9 plasmid
through electroporation. The cells were recovered for 1 h in 2 mLI of SOC media at 37°C and then spread on pre-warmed LB plates
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(25 cm x 25 cm) containing chloramphenicol (35 pg/ml) and ampicillin (100 pg/ml) and incubated for 14 h at 30 °C. Finally, we obtained
atotal of 2.0 x 10° colonies (equivalent to 50 x coverage) from 24 plates in the same manner as the above-mentioned sgRNA library
preparation. Equal-weight cells per plate were collected together and resuspended homogeneously in 25 ml of PBS. Then, cells were
aliquoted into 1 ml and stored at -80 °C with glycerol for later use. For liquid culture, cells were inoculated to ODggg 0.05 in LB medium
containing chloramphenicol/ ampicillin antibiotics for plasmid maintenance, and pre-cultured up to ODggg 1.0. Then, pre-cultured
cells were re-inoculated to an ODggg 0.05 in 50 ml LB medium or LB media with antibiotics containing a sublethal dose of antibiotics
(Table S8), and cultured shaking with 250 rpm at 37°C until the required cell density was achieved.

sgRNA library sequencing

Each sgRNA plasmid was purified from the cell population using the PureYield Plasmid Midiprep System. To construct the
sequencing library, plasmids were amplified using TruSeg-based primers containing index and adapter sequences (Table S5). Li-
brary amplification was monitored using real-time PCR and SYBR Green, and amplification was terminated at a semi-plateau (typi-
cally 18-20 cycles) using an initial 50 ng of plasmid. The amplified library products were separated by agarose gel electrophoresis and
purified using a MinElute Gel Extraction Kit (Qiagen, Hilden, Germany). Purified libraries were quantified using a Qubit 2.0 fluorometer
(Invitrogen) and sequenced using an lllumina HiSeq 2500 system (lllumina, San Diego, CA, USA). Raw reads were mapped to the
E. coli MG1655 reference genome (NC_000913.3) using the CLC Genomics Workbench (CLC Bio, Aarhus, Denmark), with a length
and similarity fraction of 0.9. The number of reads fall onto each gRNA were counted (Table S1) and ratio of gRNA abundance
compared to initial library was calculated. The enrichment ratio (ER) was determined as the median of all gRNA abundance ratios
in a gene (Table S2).

Measuring fitness effect of knockout strains

To test fitness effect of genes against antibiotics, knockout strains from the KEIO collection were used. E. coli K-12 BW25113, the
parental strain for KEIO knockout strains and a close relative of E. coli K-12 MG1655, were used as the wild-type control. Growth
profiles were monitored using a Synergy H1 microplate reader (Agilent). Fitness effect of each antibiotic was calculated by ratio of
area under the growth curve (AUC) under antibiotic stress to AUC without antibiotics.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of gene fitness

The enrichment ratio (ER) of a gene is the median of abundance changes of all sgRNAs targeting that gene. The abundance change of
each sgRNA was calculated by dividing its mean abundance (reads per million mapped reads) from two replicate measurements un-
der a given condition by its mean abundance in the initial library. Genes with ER change over 1.5-fold with mean ER (treatment and
untreated LB control) larger than 0.25 were regarded as having significant fitness effects against antibiotics. Fitness effects of indi-
vidual knockout strains under antibiotic stresses were represented by calculating the AUC. Values reported in the figures represent
the mean + SD of three biologically independent experiments.

Statistical analysis

Two-sided Welch's t-test (t-test with unequal variance) was performed to examine the difference in growth profiles. p-values < 0.05
were considered statistically significant. All statistical analyses were performed using Microsoft Excel. The statistical details of ex-
periments can also be found in figure legends.
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