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SUMMARY

Genome-wide CRISPR screens enable systematic
interrogation of gene function. However, guide
RNA libraries are costly to synthesize, and their
limited diversity compromises the sensitivity of
CRISPR screens. Using the Streptococcus pyogenes
CRISPR-Cas adaptation machinery, we developed
CRISPR adaptation-mediated library manufacturing
(CALM), which turns bacterial cells into ‘‘factories’’
for generating hundreds of thousands of crRNAs
covering 95% of all targetable genomic sites. With
an average gene targeted by more than 100 distinct
crRNAs, these highly comprehensive CRISPRi li-
braries produced varying degrees of transcriptional
repression critical for uncovering novel antibiotic
resistance determinants. Furthermore, by iterating
CRISPR adaptation, we rapidly generated dual-
crRNA libraries representing more than 100,000
dual-gene perturbations. The polarized nature of
spacer adaptation revealed the historical contin-
gency in the stepwise acquisition of genetic pertur-
bations leading to increasing antibiotic resistance.
CALM circumvents the expense, labor, and time
required for synthesis and cloning of gRNAs, allow-
ing generation of CRISPRi libraries in wild-type bac-
teria refractory to routine genetic manipulation.
INTRODUCTION

Functional genetic screens help elucidate the genetic basis of

cellular and organismal phenotypes. Recent advances in

CRISPR-Cas technology have led to a wealth of discoveries in

diverse prokaryotic (Lee et al., 2019; Peters et al., 2016; Rousset

et al., 2018; Wang et al., 2018) and eukaryotic systems (Bassett

et al., 2015; Gilbert et al., 2014; Sanson et al., 2018; Shalem et al.,

2014; Sidik et al., 2016;Wang et al., 2014) by facilitating genome-

wide mutation, transcriptional repression (CRISPRi) and activa-

tion (CRISPRa). To date, the most widely used CRISPR-Cas
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technology is the S. pyogenes Cas9 system (Deltcheva et al.,

2011). By changing the sequence of a short guide RNA (gRNA)

that associates with it, Cas9, the endonuclease, can be easily

programmed to cleave any genetic sequence with a proto-

spacer-adjacent motif (PAM), NGG (Jinek et al., 2012). Similarly,

a catalytically inactive version of the endonuclease (dCas9) can

sterically hinder transcription at these PAM-containing sites

that match the targeting gRNAs (Bikard et al., 2013; Qi et al.,

2013). The high occurrence of NGG in genomes allows the

CRISPR-Cas technology to cleave or bind virtually any genetic

locus of interest, achieving sequence-specific genome editing

or transcriptional perturbation, respectively.

The simplicity of programming CRISPR-Cas has paved the way

for interrogating gene function on a genome-wide scale (Sanjana,

2017). Currently, genome-wide CRISPR libraries are generated by

designing multiple gRNAs targeting each gene and synthesizing

them in array-based oligonucleotide pools. However, these li-

braries are costly and contain many faulty guides because our

knowledge of molecular rules governing gRNA efficacy is incom-

plete. Consequently, most genome-wide libraries accommodate

10or fewer functional gRNAs per gene (FigureS1A and references

therein), resulting in limited genome coverage that severely com-

promises the sensitivity of CRISPR screens.

To address this challenge, we re-purposed the S. pyogenes

CRISPR-Cas adaptation machinery as a ‘‘factory’’ to turn exter-

nally supplied DNA into hundreds of thousands of unique

CRISPR RNAs (crRNAs) in bacteria (Figure 1A). CRISPR-Cas

was first discovered in bacteria as an adaptive immune system

that utilizes short RNAs to guide degradation of viral DNA (Bar-

rangou et al., 2007). In addition to sequence specificity, a hall-

mark of the immune system is spacer adaptation (McGinn and

Marraffini, 2019; Sternberg et al., 2016), a process in which the

CRISPR machinery integrates foreign DNA, such as fragmented

phage DNA, into the associated spacer repeat array, the precur-

sor to crRNAs (Figure S1B). For the S. pyogenes CRISPR-Cas

system, the spacer is typically 30–31 nt long, and the processed

crRNA contains a 20-nt target-recognizing sequence derived

from the spacer and a partial repeat sequence (Figure S1C).

For the sake of simplicity, we will here use ‘‘spacer’’ and

‘‘crRNA’’ interchangeably. In addition, the canonical crRNA

needs to base-pair with another small RNA, called a trans-acti-

vating CRISPR RNA (tracrRNA), for proper processing and
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Figure 1. A Microbial Factory: Generation of Genome-wide crRNA Libraries by CRISPR-Cas Adaptation

(A) CRISPR adaptation-mediated library manufacturing (CALM). A hyperactive CRISPR-Cas adaptationmachinery consists of the 89-nt tracrRNA, hdCas9, Cas1,

Cas2, and Csn2. New spacers are integrated into the empty CRISPR array, denoted as ‘‘R.’’ To generate a diverse crRNA library, sheared genomic DNA is

electroporated into competent S. aureus cells harboring the adaptation machinery.

(B) A crRNA library was generated by electroporating S. aureus RN4220 genomic DNA as described in (A). The number of reads and location of all 129,856

sequenced spacers matching the genome are shown. The genome contains 136,928 PAMs. Three gap regions correspond to prophages present in the NCBI

reference genome (NCTC8325) but missing in RN4220.

(C) Number of spacers mapped to each of all 2,666 annotated genes in S. aureus RN4220 versus gene length.

(D) A crRNA library was generated by electroporating E. coliMG1655 genomic DNA as described in Figure S4A. The number of reads and location of all 462,382

sequenced spacers matching the genome are shown. The genome contains 542,073 PAMs. lacIwas preferentially enriched because of an additional presence of

the gene in a helper plasmid, pCCC (Figure S4A).

(E) Number of spacers mapped to each of all 4,498 annotated genes in E. coli MG1655 versus gene length.
targeting (Deltcheva et al., 2011), whereas gRNAs, sometimes

referred to as single gRNAs (sgRNAs), are an engineered single

RNA species that combines the functional and structural fea-

tures of both crRNA and tracrRNA (Figure S1C).
By externally supplying genomic DNA of interest to Staphylo-

coccus aureus cells harboring hyperactive CRISPR-Cas adapta-

tion machinery (Heler et al., 2017), we generated near-saturating

genome-wide crRNA libraries in bacteria with an average gene
Cell 180, 1002–1017, March 5, 2020 1003



covered by up to 100 crRNAs. These libraries can be directly

used in S. aureus or sub-cloned into other organisms (Figure 1A).

Importantly, because this comprehensive pool of crRNAs pro-

duced varying degrees of transcriptional repression and signifi-

cantly raised statistical power, it allowed us to survey a broad

fitness landscape, including the mild suppression of essential

genes. We discovered novel pathways contributing to antibiotic

sensitivity that would have been missed by conventional gRNA

libraries with much lower diversity. Furthermore, by iterating

the CRISPR-Cas adaptation process, we rapidly constructed

an economical dual-spacer library that represented more than

100,000 dual-gene perturbations, identifying pairwise perturba-

tions that strengthened antibiotic resistance. Critically, polarized

spacer adaptation, a feature absent in conventional dual-gRNA

libraries, revealed how historical contingency among these per-

turbations could constrain adaptive evolution.

We termed this highly efficient, low-cost, and portable tech-

nology CRISPR adaptation-mediated library manufacturing

(CALM). CALM can generate highly comprehensive genome-

wide crRNA libraries with standard lab equipment in as little as

1 day (Figure S2A). Circumventing tedious cloning and transfor-

mation steps, CALM allowed us to directly generate diverse

crRNA libraries in a few wild-type bacterial strains, including

methicillin-resistant S. aureus (MRSA). This is a critical advance

because restriction modification and low transformation effi-

ciency render many wild-type species extremely difficult to

genetically manipulate. We also demonstrate that CALM is

portable, generating genome-wide libraries that could be easily

sub-cloned into other microbes, such as Escherichia coli.

RESULTS

Rapid Generation of Genome-wide crRNA Libraries
Using Hyperactive CRISPR-Cas Adaptation Machinery
In their seminal study, Levy and colleagues discovered that DNA

breaks promote spacer adaptation in the type I E. coli CRISPR-

Cas system (Levy et al., 2015).We hypothesized that fragmented

DNA may, in general, be a preferred substrate for the CRISPR

adaptation machinery—a potential factory for production of

crRNA libraries. To test this hypothesis, we employed the type

II S. pyogenes CRISPR-Cas adaptation machinery (Heler et al.,

2015), which includes a single CRISPR repeat, the minimal

tracrRNA (89 nt) required for targeting (Deltcheva et al., 2011),

and all four cas genes (Figures 1A and S2A), including hyper-

dead Cas9 (hdCas9), a nuclease-dead Cas9 variant that enables

hyperactive spacer adaptation (Heler et al., 2017). We overex-

pressed these components in S. aureus RN4220 (Nair et al.,

2011), supplied cells with sheared genomic DNA by electropora-

tion, and tested whether they could be ‘‘transformed’’ into

functional spacers. Using enrichment primers (Figure S2B)

developed previously (Heler et al., 2015), our PCR assay de-

tected that the hyperactive adaption system allowed 0.1%–1%

of the cell population to acquire a single spacer (Figure S2C).

Given that bacterial cultures at exponential phase contain ~108

cells/mL, creating a diverse crRNA library that covers the entire

genome is straightforward in principle.

Deep sequencing of the adapted spacers confirmed that

CALM generated comprehensive genome-wide crRNA libraries
1004 Cell 180, 1002–1017, March 5, 2020
with many desired properties. In our most optimized protocol,

in which we induced CRISPR adaptation during re-growth (Fig-

ure S2A), 91% of all adapted spacers matched the host chromo-

some (Lib-2 in Figure S2D). The great majority of chromosomal

spacers had the correct NGG PAM (Figure S2E) and were of

the same length as canonical spacers (i.e., 30 or 31 nt; Fig-

ure S2F). Our protocol involving competent cell preparation at

room temperature, and inducible expression of CRISPR adapta-

tion (Cas1, Cas2, and Csn2) only at re-growth was critical for

creating a diverse library (Figure S2A; STAR Methods). For

instance, although adaptation occurred in as many as 21% of

the population using a constitutively expressed CRISPRmachin-

ery, the great majority of the spacers were derived from helper

plasmids (Figures S3A–S3C).

Because both spacer adaptation andCRISPR targeting rely on

the presence of PAMs (Mojica et al., 2009), the maximum num-

ber of targetable sites in a given genome is equal to the total

number of PAMs within it. Given that there are 136,928 PAMs

(i.e., NGG) in the S. aureus RN4220 genome, Lib-4, the library

we sequenced the deepest (~25million reads), contained at least

129,856 unique chromosomal spacers (Table S1A), representing

95% of all targetable sites in the genome (Figure 1B). All 2,666

annotated genes were targeted by at least one spacer (Fig-

ure 1C). Enrichment PCR primers and downstream size exclu-

sion steps ensured that the majority of sequenced reads con-

tained one spacer (Figure S2A) so that 7–25 million sequencing

reads provided sufficient coverage for libraries of this scale.

The S. aureus crRNA libraries generated by CALM had a bias

toward the origin of replication (Ori) (Figure 1B), suggesting that

the replicating genomic DNA inside the cell may compete with

externally supplied DNA for CRISPR adaptation. Indeed, upon

electroporating E. coli genomic DNA, we observed that only

17% of the spacers were mapped to its genome (Figure S3E),

whereas the great majority (78%) belonged to S. aureus with a

similar bias toward Ori (Figure S3F).

With the goal to turn S. aureus into a biofactory that generates

comprehensive crRNA libraries for any organism of interest (Fig-

ure 1A), we restored the catalytic activity of Cas9 (Figure S4A),

reasoning that cells that adapt spacers matching the internal

S. aureus DNA would die because of chromosomal cleavage.

Sure enough, when electroporated with E. coli DNA, 90% of the

spacers were mapped to its genome (Figure S4B) with no

apparent bias toward Ori (Figure 1D). With 462,382 unique

spacers (of 542,073 targetable sites; Table S1B), our E. coli library

was more uniform (CVgene = 0.34) and diverse, covering all 4,498

genes with an average gene targeted by 103 spacers (Figures 1D

and 1E). Finally, we constituted a functional genome-wide

CRISPRi system by successfully sub-cloning 90% of these

spacers into E. coli harboring an inducible dCas9 (Figure S4A).

In principle, this strategy can be extended to other bacterial

species as long as the sub-cloned library can be efficiently hor-

izontally transferred (i.e., transformation, transduction, and

conjugation). In cases where horizontal transfer efficiency is

low, such as wild-type species, the preferred strategy would

be to directly express the CRISPR adaptation machinery in

them, as demonstrated in S. aureus RN4220. Indeed, strong

adaptation events have been observed in wild-type, hard-to-

transform S. aureus strains (Monk et al., 2012, 2015) harboring
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Figure 2. Generation of crRNA Libraries in Hard-to-Transform Wild-Type S. aureus

(A) Wild-type S. aureus MW2 (MRSA) harboring hyperactive CRISPR-Cas adaptation machinery carried by two plasmids, pTHR and pCCC.

(B) Schematic of generating genome-wide crRNA libraries in wild-type S. aureusMW2. Overnight cells harboring the two plasmids in (A) were aliquoted to obtain

sample (i). The rest were diluted 1:200 in a separate flask with fresh medium containing IPTG to induce expression of Cas1, Cas2, and Csn2 and grown until the

optical density 600 (OD600) reached 1.0 (~3.5 h). Cells were split into three parts. The first part was left to continue to grow for 5 h, obtaining sample (ii). The second

part was centrifuged, and the pellet (~23 109 colony-forming units [CFUs]) was re-suspended in 15 mL fresh medium without IPTG and grown for 5 h, obtaining

sample (iii). The third part was used to prepare competent cells at room temperature. Competent cells were electroporated with a water control or MW2 genomic

DNA. These cells (~23 109 CFUs) were recovered in 15 mL fresh medium without IPTG for 5 h, obtaining samples (iv) and (v), respectively. All five samples were

lysed, miniprepped, and subjected to enrichment PCR analysis.

(C) All five samples prepared from (B) were subjected to PCR with enrichment primers (W1201–W1204). 2% agarose gel was used to resolve the upper (~163 bp)

and lower (97 bp) bands corresponding to the adapted and non-adapted CRISPR arrays, respectively.

(D) Samples (iv) and (v) were subjected to deep sequencing, which revealed the spacer origin. Spacers were derived from either the host chromosome or two

helper plasmids.

(legend continued on next page)
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the adaptation machinery when electroporated with genomic

DNA (Figure S2C). Because the majority of adapted spacers

were derived from internal genomic DNA (Figure S3E), we

reasoned that our protocol can be further simplified by omitting

the introduction of external DNA. This was validated by perform-

ingCALM inwild-typeS. aureusMW2, aMRSA strain (Figure 2A).

Cells were electroporated with either external DNA or a water

control (Figure 2B). As revealed by sequencing, these crRNA li-

braries covered 63% and 55% of all targetable sites (Figure 2E;

Table S1C), respectively, lower than libraries made in RN4220

(85%) that were sequenced at a similar depth. Nevertheless,

this library covered all but three genes in MW2 (Figure 2F). Inter-

estingly, we found that CRSIPR adaptation was below detection

in cells that were merely induced with isopropyl b-d-1-thiogalac-

topyranoside (IPTG) (Figures 2B and 2C). Therefore, the compe-

tent cell-making and/or electroporation steps seemed to be crit-

ical for strong CRISPR adaptation. Last, we also detected mild

adaptation events when we cloned the CRISPR-Cas machinery

into E. coli (Figure S4C), suggesting general applicability of

CALM in other bacteria. Because the CRISPR machinery is

Gram positive in origin, codon optimization may be necessary

for optimal activity. Altogether, these results strongly suggest

that CALM can be used in many genetically recalcitrant bacterial

species to unravel the genetic basis of various basic and clini-

cally relevant traits.

Highly Comprehensive CRISPRi Libraries Identify
Known and Novel Pathways of Aminoglycoside
Sensitivity
To explore the utility of CALM, we treated three S. aureus

RN4220 CRISPRi libraries with sub-lethal concentrations of

gentamicin and uncovered known and novel pathways contrib-

uting to aminoglycoside sensitivity (Figure 3A). For each repli-

cate, the fitness effect of each crRNA under antibiotic exposure

was determined by its enrichment/depletion relative to the six

unselected libraries using the Z score (Girgis et al., 2007), with

Z scores of all individual crRNAs targeting a gene averaged

into Mean-Z (STAR Methods). As a result, genes involved in

oxidative phosphorylation (qoxABCD) and heme biosynthesis

(ctaB) had the highest Mean-Zs (Figure S5A), consistent with

the established body of work that disruption of the electron

transport chain (ETC) changes the membrane potential and re-

duces uptake of aminoglycosides (Girgis et al., 2009; Taber

et al., 1987).

However, even for geneswith the highestMean-Z, the average

crRNAs that target the coding strandwere substantially more en-

riched than those that target the non-coding strand (p < 10�4,

Mann-Whitney U test; Figures 3C, S6A, and S6B), consistent

with the known strong efficacy of coding-strand-targeting (CT)

crRNAs in transcriptional repression (Bikard et al., 2013; Qi

et al., 2013). This suggests that Mean-Z could severely underes-

timate genes’ fitness because of the conflation of ineffective

non-coding-strand-targeting (NCT) crRNAs. To better quantify
(E) Top: a crRNA library was generated by electroporating a water control; sam

matching the genome are shown. Bottom: the same as the top except the crRNA

MW2 genome contains 143,935 PAMs.

(F) Number of spacers mapped to 2,629 of the 2,632 annotated genes in S. aure
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each gene’s contribution to drug resistance while avoiding

crRNAswith potential off-target effects (see Estimation of fitness

effects using Z score and Consideration of spacers with off-

target potentials in STAR Methods), we removed the lowest

and highest Z scores of crRNAs for each gene and calculated

the 95th percentile of the Z score of the remaining crRNAs

(P95-Z). P95-Z showed good correlation with alternative metrics

such as High2/3-Z and Log2FC (Log2 of fold change) (Figures

S5B and S5C; STAR Methods) as well as within the triplicates

(Figure S5D). We prefer the use of Z score (Table S1D) to Log2FC

(Table S1F) whenever possible because our six unselected

crRNA libraries make the Z score analysis more statistically

robust. Of note, the P95-Z metric is principally similar to work

published by Gilbert et al. (2014), who used themean of the three

strongest gRNAs to score hit genes.

Use of P95-Z dramatically increased the sensitivity and led to

the discovery of many genes involved in pathways that feed into

the ETC (Figures 3B and S5F), which have been reported in mul-

tiple studies (Bayer et al., 2006; Kinkel et al., 2013), including one

involving a transposon library (Rajagopal et al., 2016). Top hits

included ctaABM, mnhABCDEFG, and ndh. Multiple CT crRNAs

of these genes were highly enriched (Figures S6B–S6D),

providing strong evidence of their roles in aminoglycoside resis-

tance. Notably, inactivation of genes in the hem andmen operons

were also seen in resistant clinical isolates (Kahl et al., 2016; Lan-

nergård et al., 2008). crRNAs targeting essential genes (Bae et al.,

2004; Chaudhuri et al., 2009), such asmvaD andmvaK2 (mevalo-

nate pathway) and topA (topoisomerase I), were also enriched

(Figure 3B), and, to our knowledge, they are novel loci of amino-

glycoside sensitivity. crRNAs targeting many essential ribosomal

genes were also significantly enriched, especially after a shorter

period of gentamicin selection (Figures 3E, 3F and S5E). The

fact that transcriptional inhibition of a few ribosomal components

improved gentamicin tolerance suggests that specific composi-

tional or structural perturbations of the ribosome may weaken

its normal targeting by aminoglycosides (Taber et al., 1987).

Importantly, althoughmanyCTcrRNAswerealmost always en-

riched for non-essential genes (FiguresS6A–S6D),weobserveda

tendency that, for essential genes, only a small portion of NCT

crRNAs were enriched after long and short periods of gentamicin

selection (Figures 3D andS6E–S6G). This is consistent withweak

transcriptional inhibition by NCT crRNAs (Bikard et al., 2013; Qi

et al., 2013) and the fact that stronger effects on essential genes

are expected to be lethal. Indeed, our attempt to clone three

crRNAs targeting the coding strand of the essential rplB gene

failed (FigureS6G). These results indicate that our comprehensive

CRISPRi library produced a broad range of magnitude of tran-

scriptional repression, leading to selection of mildly suppressing

NCT crRNAs targeting specific regions of essential genes not

easily predictable based on our current knowledge.

The fact that only a handful of these weaker NCT crRNAs

were enriched highlights the challenge faced by conventional

design-based, low-diversity libraries. To assess the sensitivity
ple (iv). The number of reads and location of all 78,890 sequenced spacers

library was generated by electroporating MW2 genomic DNA; sample (v). The

us MW2 versus gene length in sample (v).
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Figure 3. Genome-wide crRNA Libraries Identify Known and Novel Pathways of Aminoglycoside Sensitivity

(A) S. aureus RN4220 cells with crRNA libraries generated by CRISPR adaptation were treated with a sub-lethal concentration of gentamicin (1 mg/mL). Only the

CRISPR targeting machinery was constitutively expressed at this stage (i.e., Cas1, Cas2, and Csn2 were no longer induced).

(B) Distribution of P95-Zs (mean of P95-Zs from triplicates) for each gene after gentamicin (1 mg/mL) treatment. Genes are color-coded by pathways. Simplified

ETC and upstream pathways are shown (see also Figure S5F). Novel genes and pathways are underlined.

(legend continued on next page)
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of these libraries, we took a computational sampling approach.

To simulate a low-diversity library, we randomly selected 10

crRNAs per gene from our comprehensive library and calculated

P95-Z as before (Figure 4A). A total of 100 such samplings were

performed for the 30 top hit genes. We found that 9 of these top

hits identified in the comprehensive library were no longer signif-

icantly enriched in more than 50%of the simulated, low-diversity

libraries. More severely, novel essential hits such as mvaD and

mvaK2 were missed in more than 80% of these libraries.

Because long-term extreme selection of the CRISPRi library in

antibiotics could obscure quantification of negative fitness ef-

fects, we also performed a shorter-period (4.5 h) selection (Fig-

ure 3E), which identified crRNAs that were either significantly

enriched (Figures 3F and S5E) or depleted (Figure 3G). Particu-

larly, crRNA perturbations that potentiated the effect of antibi-

otics were expected to be significantly depleted in gentamicin

but not in plain medium (Figure 3E; STAR Methods). Here we

chose to use Mean-Z (Table S1G) instead of P95-Z because

the goal was to discover genes exerting negative fitness effects.

Top depleted hits (purple dots in Figure 3G) included a mem-

brane protease (ftzH), an ATP synthase (atpABDFI), and a two-

component regulatory system (graR), all known to sensitize cells

to aminoglycosides when disrupted (Hinz et al., 2011; Vester-

gaard et al., 2017; Yang et al., 2012). New hits included accACD

and fabZ, which belong to the essential fatty acid synthesis (FAS)

pathway (red dots in Figures 3G, S5G, and S6H–S6K). Impor-

tantly, our computational sampling showed that all of these 11

hits would bemissedmore than 50%of the time in the simulated,

low-diversity libraries (Figure 4B), highlighting the general chal-

lenge in capturing depletion events. Therefore, we demonstrated

that the comprehensiveness of the crRNA library significantly

elevated the sensitivity and statistical power (Figure 4C) neces-

sary for discovery of novel, antibiotic-potentiating pathways in

bacteria.

crRNAs targeting representative top enriched and depleted

genes were cloned and validated for their effects on drug resis-

tance in liquid culture (Figures S5L–S5O). The great majority of

them also showed expected changes in minimal inhibitory con-

centration (MIC) measured on agar plates (Figure 3H), with the

exception of some ribosomal genes (Figure S5M). Importantly,

because the newly discovered pathways, such as mevalonate

and FAS, are essential, gene knockout experiments were not

feasible. Instead, we further validated them by chemical

inhibition. Mevalonate and FAS inhibitors strongly antagonized
(C) Z scores of all individual crRNAs targeting qoxA from triplicates (lib-1 through

indicate the mean Z scores of all CT and NCT crRNAs, respectively.

(D) Same as (C), except the gene is mvaD.

(E) To better quantify the negative fitness effect, the crRNA library was treated w

individual crRNAs targeting each gene measured in gentamicin and plain medium

(F) Scatterplot of all genes with positive Z scores (Mean-Z) and p < 0.05 (Mann-W

codes are the same as those in (B).

(G) Same as (F), except dots represent all genes with negative Z scores (Mean-Z)

(FAS) pathway are underlined.

(H) MICs (measured in triplicates) of gentamicin for S. aureus RN4220 cells harb

(I) Vanadyl sulfate (VS), a mevalonate inhibitor, antagonizes the effect of gentamic

2 mg/mL; [VS]: 0, 125, 250, and 500 mg/mL. See also Figures S5J and S5K.

(J) 5-(Tetradecyloxy)-2-furoic acid (TOFA), a FAS inhibitor, potentiates the effect o

0.125, 0.25, and 0.5 mg/mL; [TOFA]: 0, 0.39, 0.78, and 1.56 mg/mL. See also Figu
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(Figures 3I, S5J, and S5K) and synergized (Figures 3J and

S5G–S5I) with gentamicin, respectively, consistent with the

enrichment and depletion of the respective crRNAs seen in the

screen (Figures 3B and 3G).

Last, we demonstrated that our comprehensive CRISPRi sys-

tem can effectively identify essential genes. To do so, we grew

S. aureus crRNA libraries in plainmedium for 9 h. Similar to a pre-

vious study (Rousset et al., 2018) and estimated each gene’s

fitness by calculating the mean Z score of all matching CT

crRNAs (Mean-ZCT) (Figure S7A; Table S1I). We then ranked

genes according to their Mean-ZCTs. We found that CT crRNAs

of essential genes identified by two previous studies using trans-

poson libraries (Bae et al., 2004; Chaudhuri et al., 2009) were

strongly depleted, with the majority of their Mean-ZCTs below

an empirically selected threshold (Figure S7B). Furthermore,

the majority of essential genes that were identified in both trans-

poson libraries but not in our CRISPRi screen (56 genes in Fig-

ure S7C) had negativeMean-ZCTs, suggesting that they impaired

growth when repressed. Although our screen was performed in

S. aureus RN4220 at 37�C, we noted that the two transposon

studies were carried out in two other strains at 43�C–44�C, a
temperature necessary for selection of transposon insertion.

This could explain some of the differences in the genes identified

as essential. Nevertheless, we generated a receiver operating

characteristic (ROC) curve (Figure S7D) using genes identified

as essential in both transposon studies and found that our

CRISPRi screen had a relatively high prediction performance

(AUC = 0.921). Notably, because prokaryotic genomes are usu-

ally organized in operons producing polycistronic transcripts,

silencing one gene in an operon with CRISPRi leads to repres-

sion of all downstream genes. It has been shown that such polar

effects can cause misidentification of non-essential genes when

they are succeeded by at least one essential gene (Rousset et al.,

2018;Wang et al., 2018; Figure S7E). Similar to these studies, we

indeed found that, among the top 30 genes (of the 101 genes in

Figure S7C) identified as essential in our screen, but not by the

two transposon studies, 13 were succeeded by one or more

essential genes, making them potential false positive hits.

Dual-Spacer Perturbations Reveal Epistasis and
Historical Contingency in Acquisition of Antibiotic
Resistance
Microbes can adapt to extreme environments through sequen-

tial accumulation of mutations. Disruption of the ETC and related
lib-3) after treatment with gentamicin for 18 h. Purple and orange dotted lines

ith gentamicin (1 mg/mL) or grown in plain medium for 4.5 h. The Z scores of

were subjected to a Mann-Whitney U test (STAR Methods).

hitney U test), measured 4.5 h after selection in gentamicin (1 mg/mL). Color

and p < 0.05 (Mann-Whitney U test). Genes involved in the fatty acid synthesis

oring representative top enriched and depleted spacers.

in, as shown by bacterial growth (OD600 measured at 10 h). [gent]: 0, 0.5, 1, and

f gentamicin, as shown by bacterial growth (OD600 measured at 18 h). [gent]: 0,

res S5G–S5I.



ctaB
qoxA
qoxC
qoxB
qoxD
menA
mnhC
mnhF
mnhG
hemE
mnhE
hemA
ndh
ctaA
menB
mnhD
hemQ
menD
menE
topA
mnhB
ubiE
srrA
hepST
menF
mnhA
mvaD
ctaM
menH
mvaK2

100 computational samplings (low-diversity library)

8 6 4 1.3
-log(P)

0.3

ftsH
accC
accA
graR
atpB
atpF
atpI
atpA
fabZ
accD
atpD

100 computational samplings (low-diversity library)

-30 -20 -10 0 10 20 30

P95-Z

experim
ent

(co
mprehensiv

e lib
rary)

M
is

se
d 

in
  

>5
0%

 
sa

m
pl

in
gs

A

B

R = 0.73

C

-lo
g(

P
)

2

4

8

6

0

Number of crRNAs per gene
600 20 40 10080

experim
ent

(co
mprehensiv

e lib
rary)

Figure 4. Comprehensive crRNA Libraries Enhance Screening Sensitivity

(A) 100 low-diversity crRNA libraries are simulated by computational sampling our comprehensive crRNA library generated by CRISPR adaptation. In each

sampling, 10 random crRNAs per gene from the comprehensive crRNA library were selected, and P95-Zs were calculated. The heatmap shows the mean of

P95-Zs (from triplicates, 18-h treatment with 1 mg/mL gentamicin) of the top 30 enriched hits identified experimentally from the comprehensive library as well as

those from the 100 low-diversity libraries created by computational sampling. A black edge indicates that P95-Z is greater than 1.96 (i.e., p < 0.05). Enriched hits

that were missing in more than 50% of the samplings are labeled.

(B) Similar to (A), except the heatmap shows the �log(P) values (Mann-Whitney U test) of the 11 genes (Figure 3G) that were significantly depleted in gentamicin

(1.0 mg/mL) after 4.5-h treatment. We focused on these 11 hits because other hits were not well annotated (Table S1G). All 11 hits were missing in more than 50%

of the samplings.

(C) Number of crRNAs per gene increases the statistical power of discovery. The scatterplot shows the correlation between the number of unique crRNAs

targeting each of the 11 genes that were significantly depleted in gentamicin (Figure 3G) and their �log(P) value of the Mann-Whitney U test (STAR Methods).
pathways (e.g., qoxA and ndh) allowed cells to grow better with a

sub-lethal dose of gentamicin (Figure 3B).Wewonderedwhether

repression of additional pathways could further strengthen anti-

biotic resistance. To test this, we first created a comprehensive

‘‘one-versus-all’’ library containing a universal qoxA-targeting
spacer (‘‘qoxA-versus-all’’ library; Figure 5A). After selection

with a high dose of gentamicin (4 mg/mL), many spacer pairs tar-

geting the ETC and pathways further upstream of it (Figures 5B,

5C and S5F) as well as novel operons, such as 01269-01271,

were significantly enriched (Gent 4, Log2FC(qoxA+X) column in
Cell 180, 1002–1017, March 5, 2020 1009
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Figure 5. One-versus-All Libraries Identify

Genetic Interactions that Strengthen Anti-

biotic Resistance

(A) S. aureus RN4220 cells harboring a universal

qoxA-targeting spacer were subjected to CRISPR

adaptation, generating a comprehensive qoxA-

versus-all dual-perturbation library. The library

was treated with a high concentration of genta-

micin (4.0 mg/mL), and the distribution of P95-

Log2FC (mean of P95-Log2FCs from triplicates) for

each gene after treatment is shown.

(B) Schematic showing simplified ETC and up-

stream pathways. See also Figure S5F.

(C) The top 45 most enriched dual-spacers tar-

geting qoxA and gene X identified in (A) are shown.

For ETC and related genes, the color codes match

(B). For every gene X, its P95-Log2FCs measured

from 1S libraries subjected to 1 mg/mL or 4 mg/mL

gentamicin for 18 h as well as its P95-Log2FC from

the qoxA-versus-all library subjected to 4 mg/mL

gentamicin for 18 h are shown. See also Tables

S1F, S1J, and S1K. Epistasis (ε) between qoxA

and gene X in 4 mg/mL gentamicin was estimated

using P95-Log2FC as a proxy for fitness.
Figure 5C). Again, NCT rather thanCT crRNAs tended to bemore

enriched for essential genes (Figures S6T–S6X). We validated

the fitness of some top hits by MIC measurement (Figure S8A)

and pairwise competition (Figures S8B–S8F), which was more

quantitative. Moreover, with the exception of mnh, most genes

were not enriched without the qoxA-targeting spacer under the

same condition (Gent 4, Log2FC(X) column in Figure 5C), sug-

gesting positive epistatic interactions with qoxA. We estimated

epistasis (ε) using fitness measured by Log2FC (Figure 5C;

STAR Methods) because it was highly correlated with fitness

as measured by pairwise competition (Figure S8G).

Beyond simplicity, another unique advantage of the CRISPR-

Cas system is its multiplexity and polarity; the combination and

order of spacers in the CRISPR array can reveal the effect of mul-

tiple genetic perturbations and, potentially, the historical contin-
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gency among them. To demonstrate this,

we first treated a single-spacer (1S) li-

brary with a low concentration of

gentamicin (low [gent]) for 9 h to mildly

enrich spacers that confer fitness bene-

fits. Next we sub-cloned the resulting

spacer pool, generated a dual-spacer

(2S) library by iterating CRISPR adapta-

tion, and subjected it to a higher concen-

tration of gentamicin (high [gent]) (Fig-

ure 6A). Because CRISPR adaptation

only occurred in 0.1%–1% of the popula-

tion shown earlier (Figure S2C), the

sub-cloning step was necessary to vastly

increase the proportion of spacer-

containing cells in the population. After

two rounds of CRISPR adaptation, the

great majority of cells contained single-

spacers, whereas 0.1%–1% of cells con-
tained dual-spacers (Figure S9A). Only reads containing two

spacers were computationally selected for downstream

analysis.

This rapid and economical pipeline generated a 2S library with

at least 237,650 unique spacer pairs, representing 105,030 non-

redundant pairwise genetic perturbations (Figure 6B; Tables S2A

and S2B). This diversity is comparable with costly array-synthe-

sized dual-gRNA libraries by recent studies, which included

2,628 and 23,652 pairwise genetic perturbations, respectively

(Han et al., 2017; Shen et al., 2017). At the gene level, the great-

est number of pairwise connections made in our 2S library

skewed toward the more abundant genes in the preceding 1S li-

brary (Figures 6B and 6C), which was the result of selection in

low [gent] (Figure 6A). In the 2S library, the top 10 genes made

an average of 1,221 connections, and the top 500 genes made
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Figure 6. Dual-Spacer (2S) Libraries Capture Pairwise Genetic Perturbations that Strengthen Antibiotic Resistance

(A) Schematic showing the sequential construction of a 2S library.

(B) Scatterplot showing all spacer pairs detected in a pre-selected 2S library at the gene-gene level. For each gene, the fraction of spacers targeting it among the

preceding single-spacer (1S) library (x axis) and number of genes connected to it in the 2S library (y axis) are shown.

(legend continued on next page)
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an average of 321 connections (Figure 6C). crRNAs targeting

genes such as qoxABC were the most abundant, making up

~20% of all crRNAs in the preceding 1S library (Figure 6B). The

abundance of qoxABC-targeting crRNAs further rose to 86%

(Figure 6D) after selection in high [gent], highlighting their roles

in strengthening drug resistance. crRNAs targeting other com-

ponents of the ETC (Figure S5F), such as menA, mvaS, and

ndh, were also among the most abundant species.

Importantly, a large proportion of the highly enriched pairwise

perturbations after selection in high [gent] were corroborated by

their respective one-versus-all libraries (outer pie charts in Fig-

ure 6D). For instance, this is the case for 88% (23 of 26) of en-

riched qoxA-containing (Figures 6E and S9B; Tables S1K and

S2D), all (4 of 4) ndh-containing (Figure S9C; Tables S1L and

S2E), and 83% (5 of 6) mvaS-containing pairs (Figure S9D;

Tables S1M and S2F). 91% (20 of 22) of enriched pairs contain-

ing qoxB were also corroborated using hits from the qoxA-

versus-all library as a proxy (Figure S9E; Tables S1K and S2G).

Notably, genes that were hit only in one-versus-all libraries but

missed in the 2S library tended to have significantly fewer

crRNAs targeting them in the pre-selected 2S library (Figures

6F and S9C–S9E). This suggests that, although the 2S library

contained far more pairwise perturbations (~100,000 pairs)

than one-versus-all libraries (2,666 pairs) at the gene level, the

crRNAs per gene it contained were significantly fewer than those

of one-versus-all libraries (Figures S9F and S9G), limiting its

sensitivity. Therefore, although the more diverse 2S libraries

could rapidly capture major beneficial pairwise perturbations

for given phenotypes, one-versus-all and, potentially, ‘‘several-

versus-all’’ libraries (Discussion) were necessary to thoroughly

sample every gene in the genome and quantify their fitness.

It is not surprising that operons and genes such as men, mva,

and ndh synergized with qoxA to confer resistance to high [gent]

because they already boosted fitness in low [gent] (Gent 1,

Log2FC(X) column in Figure 5C). In contrast, genes such as the

cyd operon, which encodes a second terminal oxidase (Hammer

et al., 2013) of the S. aureus ETC in addition to qox (Figure S5F),

were not enriched in either low or high [gent] alone (Figure 5C).

Thus, enrichment of cyd in the presence of qoxA suggests histor-

ical contingency (Blount et al., 2008); under our selection regime,

although repression of cyd was clearly a path toward higher

resistance to gentamicin, it was not accessible unless repression

of qoxA was reached first.

Multiple sequencing rounds are often required to unravel the

evolutionary trajectory toward given phenotypes (Good et al.,

2017), which could inform strategies to control drug resistance

(Palmer et al., 2015). Because CRISPR adaptation is polarized
(C) Related to (B); histogram showing the distribution of number of connections

(D) Central pie chart showing the average abundance of spacers (gene level) in 2S

We applied a filter so that genes that were targeted by an average of 3.5 unique sp

with off-target potential. For each underlined gene, the number of top enriched sp

its respective individual one-versus-all libraries are shown in outer pie charts.

(E) Comparison of the top enriched hits (i.e., spacer pairs) containing qoxA in 2S

show the distributions of P95-Log2FC (mean of P95-Log2FCs from triplicates) for

diagram shows the top enriched hits identified from both libraries (Figure S9B).

(F) Distribution of the number of unique crRNAs targeting genes in the pre-selecte

23 genes) or in the qoxA-versus-all library alone (purple, 22 genes). Color codes m

the two groups of genes, and the p value is shown.
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(McGinn and Marraffini, 2019)—new spacers are always added

at the leader-proximal end of the array (Figure 7A)—it has the

capacity to record the temporal sequence of biological events

(Schmidt et al., 2018; Sheth et al., 2017; Shipman et al., 2016).

Among spacer pairs containing both qoxA and cydA post-selec-

tion in high [gent], cydA was significantly more abundant as the

second spacer (Spc2) than as the first spacer (Spc1) (Table

S2H), confirming its contingency on qoxA. This is further corrob-

orated by our competition and MIC assays: although cydA-

targeting cells showed equally poor fitness as WT cells in low

[gent], dual-spacers targeting qoxA and cydA provided signifi-

cantly higher fitness than qoxA alone in high [gent] (Figures

S8A, S8F, and S8H).

To investigate whether the order of CRISPR spacers is a good

indicator for historical contingency along an evolutionary trajec-

tory, we analyzed spacer pairs that were enriched in both qoxA-

versus-all and 2S libraries. Genes that are contingent on qoxA

are expected to not confer high fitness by themselves in low

[gent] and should therefore have low Z scores and, conse-

quently, high Spc2/Spc1 ratios. Indeed, we found that the

Spc2/Spc1 ratios in the post-selected 2S libraries inversely

correlated with the Z scores in low [gent] at 9 h (Figure 7B; Tables

S1H and S2H), which was when the second spacer was adapted

(Figure 6A). This is equally true for dual spacers containing qoxB

(Figure S9H; Table S2I), the second most abundant species

post-selection (Figure 6D). Thus, by sequencing just a single ter-

minal time point, the order of spacers in the canonical CRISPR

array can reveal candidate loci with historical contingency in

acquisition of increasing antibiotic resistance. Such chronolog-

ical information is not present in dual-gRNA libraries generated

in the conventional way.

DISCUSSION

Harnessing the natural capacity of a hyperactive CRISPR-Cas

adaptation machinery, the current study established CALM, a

rapid and economical method that converts exogenous DNA

into comprehensive genome-wide crRNA libraries targeting bac-

terial genomes of interest. With an average gene covered by up

to 103 crRNAs, we show that our libraries enabled a broad range

of transcriptional perturbations. This comprehensiveness signif-

icantly increased the statistical power and led to discovery of

novel and essential pathways for aminoglycoside sensitivity in

ways that conventional low-diversity libraries miss. Importantly,

CALM can be readily adapted to other bacterial species,

including wild-type, clinically relevant bacteria that have not

been amenable to standard genetic manipulation, and,
each gene made in the 2S library.

libraries after selection in gentamicin (4.0 mg/mL), calculated from triplicates.

acers post-selection (triplicates) were considered (183 genes) to avoid spacers

acer pairs containing it in 2S libraries as well as pairs that were corroborated by

libraries and the qoxA-versus-all libraries generated in Figure 5A. Histograms

each gene after gentamicin (4 mg/mL) treatment for both libraries. The Venn

d 2S library. These genes were either identified as top hits in both libraries (red,

atch the Venn diagram in (E). A Mann-Whitney U test was performed between
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Figure 7. Polarized CRISPR Adaptation Re-

veals Historical Contingency in the Acquisi-

tion of Increasing Antibiotic Resistance

(A) Schematic showing polarized CRISPR adapta-

tion in which new spacers are acquired at the

leader-proximal end of the array.

(B) Spc2/Spc1 ratios of spacer pairs containing

qoxA in post-selected 2S libraries inversely corre-

lated with Z scores of the non-qoxA gene

measured in 1 mg/mL gentamicin at 9 h (P95-Z, gent

1, 9 h), the point at which the second spacer was

adapted. Data are represented as mean ± SD from

triplicates (Table S2H). Distribution of P95-Zs is

also shown.
potentially, higher eukaryotes with further engineering. Using

CALM, we also rapidly generated large-scale 2S libraries

capable of identifying genetic interactions and recording the

sequence of biological events along an evolutionary trajectory.

Libraries generated by CALM contained both CT and NCT

crRNAs covering up to 95% of all targetable sites in the

S. aureus genome. Because of their known weak efficacy in tran-

scriptional repression, NCT crRNAs were either excluded from

computational analysis (Rousset et al., 2018) or simply not de-

signed (Wang et al., 2018) when studying certain prokaryotic

phenotypes. However, we found that NCT crRNAs vastly

expanded the scope of our survey to mild suppression of essen-

tial genes, which is not possible with only CT crRNAs. Our screen

also revealed novel antibiotic-potentiating pathways, such as

FAS, and many unannotated genes (Table S1G), demonstrating

the enhanced sensitivity and statistical power conferred by the

comprehensive pool of crRNAs. On a cautionary note, CRISPRi

produces a polar effect because silencing one gene in an operon

could lead to repression of all downstream genes. It is thus

necessary to use independent genetic or chemical methods to

validate hits identified in CRISPRi screens.

CALM generates crRNA libraries in situ, which could be

directly used in S. aureus or sub-cloned into other organisms.

One of the greatest advantages of generating libraries in situ is

that it circumvents cloning and transformation, allowing diverse

libraries to be made in genetically recalcitrant species such as

MRSA. We believe that this strategy could be extended to a va-

riety of other hard-to-transform, wild-type bacterial species.

However, because both the externally supplied and internally

replicating DNA competed for access to the CRISPR adaptation

machinery, these S. aureus libraries made in situ had a bias to-

ward Ori. Nevertheless, in making libraries of other species,

such as E. coli, in S. aureus, we restored the catalytic activity

of Cas9, resulting in diverse libraries withmuch higher uniformity.

Therefore, crRNA libraries targeting organisms of interest could

be ‘‘manufactured’’ in S. aureus, followed by sub-cloning (Fig-

ure S4A). Our genome-wide E. coli library consisted of at least

462,382 unique spacers, which would cost nearly $20,000 using

conventional synthesis methods. This sub-cloning strategy is

preferable as long as crRNA libraries can be efficiently horizon-

tally transferred into the species of interest. The upper limit of

library diversity that could be obtained by CALM remains to

be tested. For example, yeast genomic DNA (which contains
~1 million PAMs) or PCR products of other eukaryotic open

reading frame (ORF) libraries could be utilized. One key differ-

ence between gRNA and crRNA is that gRNA is immediately

functional, whereas the canonical crRNA needs to be processed

by host RNase III to produce an active form (Deltcheva et al.,

2011). Because the housekeeping RNase III is instrumental for ri-

bosomal RNA processing and is widely distributed in bacteria

(Drider and Condon, 2004), it is likely that the canonical

S. pyogenes crRNA will work in many bacterial species. Addi-

tionally, it will be of interest to devise cloning strategies to

convert crRNA libraries to gRNA libraries, given the structural ho-

mology shared between the two.

We envision that CALM could be further improved in a few

ways. Optimization by laboratory evolution of the adaptationma-

chinery (Cas9, Cas1, Cas2, and Csn2) could enhance the fre-

quency of spacer adaptation and, thus, library diversity. When

making in situ libraries, the bias toward the internal replicating

DNA was strong, even when cells were supplied with large

amounts of external DNA. This raises the possibility that external

DNA may be rapidly degraded by host nucleases, such as the

AddAB complex, the Gram-positive ortholog of RecBCD (Wig-

ley, 2013). Small-molecule (Amundsen et al., 2012) or phage-

derived (Murphy, 1991) inhibitors of these nucleases may help

to slow degradation and reduce the bias of resulting libraries.

Alternatively, inducing CRISPR machinery at different growth

phases where DNA replication at the Ori is minimal or actively in-

hibited may also diminish biased spacer adaptation at this loca-

tion. In addition to the most widely used type II S. pyogenes

CRISPR system, the E. coli type I system has also been repur-

posed as a tool for programmable gene repression (Luo et al.,

2015). Given that its adaptationmachinery has beenwell charac-

terized (Levy et al., 2015; Yosef et al., 2012) and engineered as

molecular recorders (Sheth et al., 2017; Shipman et al., 2016),

it is of interest to test the capacity of type I adaptation system

to create comprehensive crRNA libraries.

In all types of CRISPR screens, spacers with off-target poten-

tials may confound gene fitness quantification. In one of our

computational pipelines, we filtered out 37% of spacers with

off-target potentials (Tables S1A and S1E). Although this filter

effectively removed faulty hits, elimination of such a large num-

ber of spacers also compromised the sensitivity and statistical

power of our 1S and 2S libraries (see Consideration of spacers

with off-target potentials in STAR Methods). However, because
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genes targeted by more than one spacer with true non-neutral

off-target site were rare, we showed that removal of crRNAs

with the strongest and the weakest fitness effect for each gene

alone effectively eliminated faulty hits. More importantly, we

found that the bona fide top hit genes validated by us and others

were consistently targeted by multiple significantly enriched or

depleted crRNAs across multiple replicates, whereas faulty top

hit genes contained only one such crRNA (Figures S6O–S6S).

For these reasons, we decided to not apply the off-target filter.

In future work, one may also consider using Cas9 variants with

enhanced DNA-targeting specificity (Chen et al., 2017; Hu

et al., 2018) to further reduce off-target effects.

The highly comprehensive libraries generated by CALM may

allow us to identify sequence features of crRNAs that correlate

with activity. Fortuitously, one E. coli library we created using

Cas9 contained 16% of crRNAs targeting S. aureus even after

10 h of outgrowth (Figure S4B; STAR Methods), suggesting that

these crRNAs were either inefficient at cleavage or that their

targets represented genomic regions that undergo efficient

repair. This dataset contained ~8,500 S. aureus crRNAs, and

they had a wide range of cleavage activity, as calculated by

Log2FC (Figure S10A; Table S3A). We found that mononucleo-

tide composition inside the 20-nt crRNA target is significantly

informative of cleavage activity (Figures S10B and S10C). To

capture the capacity of such features to predict efficient activ-

ity, we trained a logistic regression classifier under three-way

cross-validation and found that it can predict crRNA activity

in the held-out groups (AUC = 0.81; Figures S10D–S10F).

Intriguingly, the classifier trained with Cas9 cleavage data

was also able to predict crRNA activity on essential genes per-

formed in our dCas9 screen (Figure S7; Table S3B) with mildly

reduced accuracy (Figures S10G–S10I). This suggests that the

sequence features of crRNAs are more likely correlated with

their activity rather than genomic repair hotspots, although cur-

rent data cannot entirely rule out the latter possibility. Further-

more, using a de novo motif discovery algorithm we developed

previously (Elemento et al., 2007), we uncovered sequence mo-

tifs informative of crRNA activity in the first 9 nt of the target

sequence (�9 to �1). These motifs highlight a preference

against guanines at positions �5 and �6 in combination with

specific nucleotide preferences in other positions (Figures

S10J and S10K). Our data suggest that future studies could

further exploit CALM to comprehensively explore the sequence

features affecting crRNA activity in a wide variety of genomes

and compare the rules governing the activity of crRNAs and

gRNAs (Doench et al., 2014).

By iterating CRISPR adaptation, we created a 2S library (Fig-

ure 6) whose diversity is comparable with costly array-synthe-

sized gRNA libraries of recent studies (Han et al., 2017; Shen

et al., 2017). Comprised of more than 200,000 unique spacer

pairs, our 2S library revealed many pairwise genetic perturba-

tions that enhanced antibiotic resistance, the great majority of

which were corroborated by our one-versus-all libraries and

fitness measurement. However, we noted that, although the 2S

library can capturemore pairwise perturbations at the gene level,

individual one-versus-all libraries were more quantitative. This is

because the crRNAs targeting each gene in the 2S library are

significantly fewer than those in one-versus-all libraries, compro-
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mising its sensitivity. Therefore, further increasing the activity of

the CRISPR adaptation machinery while decreasing its adapta-

tion bias toward Ori would be critical for creating more diverse

and sensitive 2S libraries. To balance diversity and quantifica-

tion, one may also consider creating 2S libraries on the scale

of 10-versus-all or 100-versus-all, in which the preceding 1S li-

brary could be manually cloned or array synthesized, followed

by CRISPR adaptation. Because the number of sequencing

reads becomes a limiting factor when studying pairwise pertur-

bation, designing such small-scale 1S libraries, preferably with

a validated pool of crRNAs, could significantly benefit down-

stream quantification.

One unique feature of the canonical CRISPR array is that the

order of the acquired spacers in the array can uncover how his-

torical contingency between genetic perturbations constrain

adaptive evolution. For instance, our 2S library provided strong

genetic evidence that inactivation of the qox operon unlocked

multiple contingent adaptive paths toward acquiring higher

gentamicin resistance, such as inactivation of cydABCD and

atoB (Figures 7B and S5F). We showed that the ratio of the

two spacers in the array is a good indicator of such contingency,

which can be obtained by sequencing a single sample at the ter-

minal time point. If the activity of CRISPR adaptation can be

further improved, then it is possible to iterate adaptation multiple

times and, thus, study more complex genetic interactions. The

ease with which CALM can generate comprehensive crRNA li-

braries and reveal epistasis and historical contingency should

facilitate rapid determination of genetic architecture for diverse

bacterial phenotypes. This foundation will be critical for under-

standing adaptive evolutionary trajectories, engineering syn-

thetic bacteria for industrial and therapeutic applications, and

developing rational antimicrobial strategies that are refractory

to resistance.
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Segrè, D., Deluna, A., Church, G.M., and Kishony, R. (2005). Modular epistasis

in yeast metabolism. Nat. Genet. 37, 77–83.

Shalem, O., Sanjana, N.E., Hartenian, E., Shi, X., Scott, D.A., Mikkelson, T.,

Heckl, D., Ebert, B.L., Root, D.E., Doench, J.G., and Zhang, F. (2014).

Genome-scale CRISPR-Cas9 knockout screening in human cells. Science

343, 84–87.

Shen, J.P., Zhao, D., Sasik, R., Luebeck, J., Birmingham, A., Bojorquez-Go-

mez, A., Licon, K., Klepper, K., Pekin, D., Beckett, A.N., et al. (2017). Combi-

natorial CRISPR-Cas9 screens for de novo mapping of genetic interactions.

Nat. Methods 14, 573–576.

Sheth, R.U., Yim, S.S., Wu, F.L., andWang, H.H. (2017). Multiplex recording of

cellular events over time on CRISPR biological tape. Science 358, 1457–1461.

Shipman, S.L., Nivala, J., Macklis, J.D., andChurch, G.M. (2016). Molecular re-

cordings by directed CRISPR spacer acquisition. Science 353, aaf1175.

Sidik, S.M., Huet, D., Ganesan, S.M., Huynh, M.H., Wang, T., Nasamu, A.S.,

Thiru, P., Saeij, J.P.J., Carruthers, V.B., Niles, J.C., et al. (2016). A Genome-

wideCRISPRScreen in Toxoplasma Identifies Essential ApicomplexanGenes.

Cell 166, 1423–1435.e12.

Sternberg, S.H., Richter, H., Charpentier, E., and Qimron, U. (2016). Adapta-

tion in CRISPR-Cas Systems. Mol. Cell 61, 797–808.

Taber, H.W., Mueller, J.P., Miller, P.F., and Arrow, A.S. (1987). Bacterial uptake

of aminoglycoside antibiotics. Microbiol. Rev. 51, 439–457.

Vejnar, C.E., Abdel Messih, M., Takacs, C.M., Yartseva, V., Oikonomou, P.,

Christiano, R., Stoeckius, M., Lau, S., Lee, M.T., Beaudoin, J.D., et al.

(2019). Genome wide analysis of 30 UTR sequence elements and proteins

regulating mRNA stability during maternal-to-zygotic transition in zebrafish.

Genome Res. 29, 1100–1114.

Vestergaard, M., Nøhr-Meldgaard, K., Bojer, M.S., Krogsgård Nielsen, C.,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and Culture Conditions
Cultivation of Staphylococcus aureus strains RN4220 (Nair et al., 2011), Newman (Bae et al., 2006), TB4 (Bae et al., 2006) and MW2

(Baba et al., 2002) were carried out in tryptic soy broth (TSB) medium (BD) at 37�C with shaking (rpm 220). Whenever necessary,

tryptic soy agar (TSA) was supplemented with appropriate antibiotics to select for plasmid transformation. In these cases, the con-

centrations of antibiotics were as follows: chloramphenicol, 10 mg/mL; erythromycin, 10 mg/mL; tetracycline, 5 mg/mL.

Cultivation of Escherichia coliMG1655was carried out in Luria-Bertani (LB)medium (BD) at 37�Cwith shaking (rpm 220).Whenever

necessary, Luria-Bertani agar was supplemented with chloramphenicol (25 mg/mL) or kanamycin (50 mg/mL) to select for plasmid

transformation.

METHOD DETAILS

Preparation of Electrocompetent S. aureus Cells
Preparation of S. aureus competent cells and DNA transformation was performed as previously described (Goldberg et al., 2014).

Briefly, S. aureus RN4220 cells were grown overnight in TSB medium, diluted 1:100 in fresh medium, and allowed to grow until

OD600 reached 1.0. Cells were pelleted at 4�C and washed two times using one volume of ice-cold sterile water. Cells were ultimately

re-suspended in 1/100th volume of ice-cold 15% glycerol and 50 mL aliquots were stored at - 80�C.

Measurement of MICs
A single colony (106-107 CFUs) of S. aureus RN4220 cells harboring single- or dual-spacers was suspended in 100 mL of TSB and 2.5

uL of the suspended cells were spotted on TSA containing a 2-fold dilution series of gentamicin (0.1 – 6.4 mg/mL). Cells were allowed

to grow for 16 h at 37�C and the MIC was determined as the minimum antibiotic concentration where no bacterial growth was seen.

All measurements were performed in triplicates.

Measurement of Bacterial Growth
Overnight cultures of S. aureus RN4220 cells harboring single- or dual-spacers were diluted 1:200 in 200 mL of fresh TSB medium

supplemented with gentamicin (1 or 4 mg/mL) in 96-well flat bottom plates (Costar). Chloramphenicol (5 mg/mL) was always added

to maintain plasmid pTHR (carrying tracr, hdcas9 and the spacer).

To check the effect of mevalonate and FAS inhibitors on gentamicin, overnight cultures of S. aureus RN4220 cells harboring pTHR

(i.e., pWJ402) were diluted 1:200 in 200 mL of fresh TSB medium supplemented with various concentrations of gentamicin, meval-

onate inhibitor (vanadyl sulfate) and FAS inhibitors (5-(tetradecyloxy)-2-furoic acid and cerulenin).

In all cases, cells were grown in a Biotek SynergyMX plate reader shaking continuously for 18 h at 37�C. The absorbance at 600nm

(OD600) was measured every 10 minutes.

Extraction and Sonication of Genomic DNA
10 – 30 mL of S. aureus or E. coli or culture grown to saturation were pelleted and washed with 1 volume of TE buffer (pH 8.0). Pellets

were re-suspended in ~3 mL of ice-cold TE buffer (pH 8.0). Every 500 mL of re-suspended cells was mixed with 500 mL of ice-cold

Phenol/Chloroform/Isoamyl alcohol (25:24:1) (Fisher Scientific). The mixture was transferred into a 2 mL microtubes pre-filled with

~0.25 cm3 of glass beads (0.1 mm) on ice. Cells were disrupted using FastPrep-24 5GTM Homogenizer (MPBio) at 4�C. The default

S. aureus or E. coli setting was used. The homogenized mixture was centrifuged at 16,000 rcf. for 10 min at room temperature. The

aqueous phase was collected and mixed with 500 mL of chloroform and centrifuged as above. The aqueous phase was collected

again, mixed with 1 mL of isopropanol, gently inverted several times, incubated for 10 min at room temperature and centrifuged.

Precipitated genomic DNA was washed with 1 mL of 75% ethanol, air-dried and dissolved in 50-300 mL of water.

Genomic DNA was sonicated in 130 mL total volume in microTUBE AFA Fiber Pre-Slit Snap-Cap 63 16 mm tubes (Covaris) using

the Covaris S220 Focused-ultrasonicator to a fragment size of 150 bp. The sonicated DNA was dialysed before electroporation.

Cloning
Key plasmid sequences are available on https://tavazoielab.c2b2.columbia.edu/CALM/

Plasmid pWJ402was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pRH154 and

primers JW756 and W1301. Another PCR was performed using plasmid pGG32 and primers W1302 and JW755.

Plasmid pWJ406was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pDB114 and

primers W1309 and W1310. Another PCR was performed using plasmid pT181 and primers W1311 and W1312.

Plasmid pWJ411was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pWJ402 and

primers W1523 and W1778. Another PCR was performed using plasmid pJW105 and primers W1777 and W1524.

Plasmid pWJ418 was constructed by Gibson assembly of two PCR products. One PCR was performed using plasmid pAV112B

and primers W1339 and W1340. Another PCR was performed using plasmid pLM9 and primers W1341 and W1342.
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Plasmid pWJ420 was constructed by Gibson assembly of two PCR products. One PCR was performed using plasmid pE194 and

primers W795 and W1011. Another PCR was performed using plasmid pWJ418 and primers W1363 and W1364.

Plasmid pWJ424was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pWJ402 and

primers W852 and W1374. Another PCR was performed using plasmid pDB182 and primers W1373 and W614.

Plasmid pWJ444was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pWJ424 and

primers W852 and W1540. Another PCR was performed using plasmid pWJ402 and primers W1541 and W614.

Plasmid pWJ445 was constructed by Gibson assembly of two PCR products. One PCR was performed using plasmid pWJ40

(Goldberg et al., 2014) and primers W1581 and W1582. Another PCR was performed using plasmid pdcas9-bacteria (Qi et al.,

2013) and primers W1583 and W1584.

Plasmid pWJ450was constructed byGibson assembly of two PCR products. One PCRwas performed using plasmid pJW104 and

primers W1789 and W1792. Another PCR was performed using plasmid pWJ104 and primers W1790 and W1791.

Plasmid pWJ571 was constructed by Gibson assembly of two PCR products. One PCR was performed using plasmid pZE21-

MCS-1 (Lutz and Bujard, 1997) and primers W1578 and W1668. Another PCR was performed using plasmid pWJ402 and primers

W1879 and W1880.

Similar to a previous study (Bikard et al., 2013), spacer cloning was performed by ligation of annealed oligonucleotide pairs and

BsaI-digested parent vector, pWJ444 or pWJ406. The spacer sequences are shown in Table S4.

All PCRs and Gibson assembly reactions were performed using Q5� High-Fidelity DNA Polymerase and NEBuilder� HiFi DNA

Assembly Master Mix supplied by NEB, respectively. Cloning used S. aureus RN4220 or E. coli MG1655 electrocompetent cells.

Name and content of all plasmids, and oligonucleotide sequences are shown in Table S4.

S. aureus Harboring CRISPR Adaptation Machinery (hdcas9) Generates Single-spacer (1S) Libraries Targeting S.
aureus
As explained in the main text, the terms ‘‘crRNA’’ and ‘‘spacer’’ are used interchangeably throughout.

Generation of crRNA libraries by CRISPR-Cas adaptation

The crRNA libraries generated in the following protocol are intended to be used directly in S. aureus. First, a single colony of S. aureus

RN4220 or wild-type strains (e.g., MW2) harboring the chloramphenicol-resistant pTHR (i.e., plasmid pWJ402, which carries tracr,

hdcas9 and an empty CRISPR array) and the tetracycline-resistant pCCC (i.e., pWJ418, which carries cas1, cas2 and csn2 under

an IPTG-inducible promoter, pSpac) was grown overnight in 4 mL of TSB with chloramphenicol (5 mg/mL) and tetracycline

(2.5 mg/mL). Culture was diluted 1:200 in 15 mL of fresh TSB (no antibiotics) with 2 mM IPTG to induce the expression of Cas1,

Cas2 and Csn2 and grown until OD600 reached 1.0 (typically 3 – 4 h). To make competent cells, cells were pelleted and washed

two times using one volume of sterile water at room temperature. (Cells prepared at 4�C contained libraries with considerably

more spacers matching the two helper plasmids.) Cells were ultimately re-suspended in 1/100th volume of sterile water.

50 mL of competent cells were mixed with 20 mg (usually in 10 mL) of sheared genomic DNA prepared from the same host and incu-

bated 5min at room temperature. Electroporation was performed usingMicroPulser (Bio-Rad) with the default staph program (2mm,

1.8 kV and 2.5 ms). Of note, we found ~50% of the cells were killed by electroporation, which was moderate. After electroporation,

cells were immediately re-suspended in 500 mL of TSB and recovered at 37�C for 15min with shaking. Next, 200 mL of recovered cells

were transferred to 15 mL of pre-warmed TSB with chloramphenicol (5 mg/mL) and recovered for an additional 5 h at 37�C with

shaking. CRISPR adaptation happened during this recovery period. Recovery less than 5 h was not tested but may have still worked.

Essentially, a crRNA library was made after the 5-hour CRISPR adaptation/recovery phase. At this point, this library culture was

typically at OD600 = 3.0 or 109 CFU/mL. As estimated by enrichment PCR assays, 0.1 – 1%of cells had adapted one spacer. Typically,

15 mL of the library culture was pelleted, lysed, amplified by PCR and sent for Illumina sequencing while 6 mL of library culture was

subjected to experimental procedures (e.g., gentamicin treatment).

Exposure of single-spacer (1S) libraries to gentamicin

S. aureus RN4220 1S library generated with a hyperactive CRISPR adaptation machinery carrying hdCas9 was subjected to treat-

ment of low or high concentration of gentamicin (1.0 mg/mL or 4.0 mg/mL, respectively).

For long-term exposure to gentamicin, 6 mL of library (i.e., cells recovered after CRISPR adaptation) was transferred to 500 mL of

TSB (pre-warmed at 37�C) with chloramphenicol (5 mg/mL) and appropriate concentration of gentamicin and grown for 18 h at 37�C,
220 rpm. After selection, 12 mL of culture were pelleted, lysed, amplified by PCR and sent for Illumina sequencing. Selection in both

low and high concentration of gentamicin was performed three times.

For short-term exposure to gentamicin, 20mL of library was transferred to 500mL of TSB (pre-warmed at 37�C)with chloramphen-

icol (5 mg/mL) and gentamicin (1 mg/mL) and grown for 4.5 h at 37�C, 220 rpm. After selection, 400 mL of culture were pelleted, lysed,

amplified by PCR and sent for Illumina sequencing. As a control, 20 mL of library was also transferred to 500 mL TSB (pre-warmed at

37�C) with chloramphenicol (5 mg/mL) but no gentamicin (plain control) and grown for 4.5 h at 37�C, 220 rpm. After growth, 200 mL of

culture were pelleted, lysed, amplified by PCR and sent for Illumina sequencing.

Outgrowing single-spacer (1S) libraries for identifying essential genes

To identify essential genes, 6 mL of S. aureus RN4220 1S library was transferred to 500 mL of TSB (pre-warmed at 37�C) with chlor-

amphenicol (5 mg/mL) and grown for 9 h at 37�C, 220 rpm. After outgrowth, 12 mL of culture were pelleted, lysed, amplified by PCR

and sent for Illumina sequencing. Outgrowth was performed in triplicates.
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Illumina sequencing

S. aureus RN4220 crRNA libraries (15 mL) or cells after gentamicin treatment (12 mL) were pelleted and re-suspended in 5 mL of P1

buffer (QIAGEN) supplemented with lysostaphin (1 mg/mL). Mixture was incubated for 1 h at 37�C. Next, Miniprep was performed

following the QIAGEN protocol. To note, one column was used per sample and 70 – 120 mL of H2O was used to elute plasmid

DNA. The final concentration of DNA ranged from 100 to 400 ng/uL.

As CRISPR adaptation is of low frequency, to detect adaptation, enrichment PCR was performed similar to our previous study

(Modell et al., 2017) with slight modifications. For each sample, a 60 mL reaction mix was prepared by adding 100 ng of plasmid

DNA as template, 0.5 uM of forward primer (W1201), 0.5 uM of reverse enrichment primers (equimolar mixture of W1202, W1203,

W1204) and Q5� High-Fidelity DNA polymerase (NEB). PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with the

following settings. Initial denaturation: 98�C for 30 s; 18-29 cycles (depending on rate of CRISPR adaptation): 98�C for 10 s, 61�C
for 20 s and 72�C for 30 s; final extension: 72�C for 2 min. PCR products were either visualized on a 2% agarose gel or purified

with AMPure XP beads (Beckman Coulter). The amount of the beads used was adjusted to maximize the removal of the smaller

non-adapted amplicons and retention of the larger adapted ones. Beads were eluted in 1 volume of H2O.

To prepare samples for sequencing, a second PCR was performed to introduce the Illumina adaptor sequences to the purified

amplicons from the previous PCR. A 150 mL reaction mix was prepared by adding 3 mL of the purified amplicons as template,

0.5 uM of forward primer, 0.5 uM of reverse primer and Q5� High-Fidelity DNA polymerase (NEB). One forward primer was chosen

from the following: W1407, W1409, W1410, W1411, W1417, W1418 and W1419, all containing the Illumina universal adaptor se-

quences and various customized internal barcodes. One reverse primer was chosen from the following: W1408 and W1426, both

containing the Illumina adaptor and index sequences. All these primers were PAGE purified (IDT). PCR was performed using a

C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 6 cycles: 98�C for 10 s, 55�C for

20 s and 72�C for 20 s; final extension: 72�C for 2 min. PCR products were purified with AMPure XP beads (Beckman Coulter)

two times. The amount of the beads used was adjusted to maximize the removal of non-adapted amplicons and retention of adapted

ones. Purified amplicons were subjected to the Illumina NextSeq platform.

S. aureus Harboring CRISPR Adaptation Machinery (hcas9) Generates Single-spacer (1S) Libraries Targeting E. coli

Generation of crRNA libraries by CRISPR-Cas adaptation

As hdCas9 was replaced by hCas9 to avoid CRISPR adaptation from self-DNA, the crRNA libraries generated in the following pro-

tocol are intended to be sub-cloned to other organisms (e.g., E. coli). First, a single colony of S. aureus RN4220 harboring the chlor-

amphenicol-resistant pTHR (i.e., plasmid pWJ411, which carries tracr, hcas9 and an empty CRISPR array) and the tetracycline- or

erythromycin-resistant pCCC (i.e., pWJ418 or pWJ420, respectively. Both plasmids carry cas1, cas2 and csn2 under an IPTG-induc-

ible promoter, pSpac.) was grown overnight in 4 mL of TSB with chloramphenicol (5 mg/mL) and tetracycline (2.5 mg/mL) or erythro-

mycin (5 mg/mL). Culture was diluted 1:200 in 15 mL of fresh TSB (no antibiotics) with 2 mM IPTG to induce the expression of Cas1,

Cas2 and Csn2 and grown until OD600 reached 1.0 (typically 3 – 4 h). To make competent cells, cells were pelleted and washed two

times using one volume of sterile water at room temperature. (Cells prepared at 4�C contained libraries with considerably more

spacers matching the two helper plasmids.) Cells were ultimately re-suspended in 1/100th volume of sterile water.

50 mL of competent cells were mixed with 20 mg (usually in 10 mL) of sheared genomic DNA prepared from organisms of interest

(e.g., E. coli) and incubated 5 min at room temperature. Electroporation was performed using MicroPulser (Bio-Rad) with the

default staph program (2 mm, 1.8 kV and 2.5 ms). After electroporation, cells were immediately re-suspended in 500 mL of TSB

and recovered at 37�C for 15 min with shaking. Next, 400 mL of recovered cells were transferred to 30 mL of pre-warmed TSB

with chloramphenicol (5 mg/mL) and recovered for an additional 5 h at 37�C with shaking. At this point, the culture was typically at

OD600 = 3.0 or 109 CFU/mL. An aliquot (15 mL) was pelleted, lysed and minipreped, generating M2140 (if pCCC is pWJ418) and

M2143 (if pCCC is pWJ420). To further eliminate undesired crRNAs targeting S. aureus or the helper plasmids, 7 mL of the culture

was transferred to 500mL TSBwith chloramphenicol (5 mg/mL) and tetracycline (2.5 mg/mL) or erythromycin (5 mg/mL), and grown for

10 h. Typically, 15 mL of this resulting library culture was pelleted, lysed and minipreped (QIAGEN), generating M2141 (if pCCC is

pWJ418) and M2144 (if pCCC is pWJ420). These minipreped DNAs were later PCR amplified for sub-cloning (see below). Addition-

ally, samples M2143 and M2144 were used to predict crRNA cleavage activity (see section ‘‘Predictive Model of crRNA Activity’’)

Notice that we constructed two different pCCCs here, pWJ418 and pWJ420, each with a different origin of replication and anti-

biotic resistant marker. In our experience, we found crRNA libraries generated with pWJ418 had larger percentage of spacersmatch-

ing the genome (pWJ418: 90% versus pWJ420: 83%, Figure S4B), while libraries generated with pWJ420 had greater spacer diver-

sity (pWJ418: 386,032 unique spacers versus pWJ420: 424,473 unique spacers, Table S1B). As the growth rate of cells harboring

either plasmid was indistinguishable from each other, we recommendmixing these two cell types at a 1:1 ratio and preparing compe-

tent cells together in order to generate more diverse crRNA libraries.

Sub-cloning

To sub-clone this library to the organism of interest (e.g., E. coli), enrichment primers were necessary as only 0.1 – 1% of cells con-

tained an adapted spacer after CRISPR adaptation. Sub-cloning was done by Gibson assembly of an insert PCR and a back-

bone PCR.

For the insert PCR, every 50 mL reaction mix was prepared by adding 375 ng of equimolar mixture of M2141 and M2144 as tem-

plate, 0.5 uM of forward enrichment primers (equimolar mixture ofW1397,W1398 andW1399), 0.5 uM of reverse primer (W1887) and
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Q5� High-Fidelity DNA polymerase (NEB). PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with the following set-

tings. Initial denaturation: 98�C for 30 s; 26 cycles: 98�C for 10 s, 65�C for 20 s and 72�C for 30 s; final extension: 72�C for 2 min.

PCR products were subjected to a 2-step purification with AMPure XP in order to remove the large-sized plasmid template and

the small-sized non-adapted amplicons. Briefly, PCR products were mixed with 0.5X volume of beads, let settled and supernatant

was transferred to 0.3X volume of beads and proceeded with purification. Beads were eluted in H2O, generating C2185.

For the backbone PCR, every 50 mL reactionmix was prepared by adding 0.4 ng of plasmid pWJ571 as template, 0.2 uM of forward

primer (W1889), 0.2 uM of reverse primers (W1891) and OneTaq� DNA polymerase (NEB). PCR was performed with the following

settings. Initial denaturation: 94�C for 30 s; 30 cycles: 94�C for 20 s, 55�C for 20 s and 68�C for 2 min; final extension: 68�C for

5 min. PCR products were purified with QIAquick PCR purification kit (QIAGEN), generating C2184.

10 mL of Gibson reaction was performed by mixing 100 ng of insert PCR (in 2 mL), 800 ng of backbone PCR (in 3 mL) and NEBuilder

HiFi DNA Assembly Master Mix (NEB) and incubating 30 min at 50�C. The insert PCR was at ~1.7X excess. Ligated products were

dialyzed, and 5 mL of it was transformed into electro-competent E. coli MG1655 cells harboring pWJ445 (plasmid with inducible

dCas9). Electroporation was performed using MicroPulser (Bio-Rad) with the default E. coli program 1 (1 mm, 1.8 kV and 6.1 ms)

and cells were recovered in 500 mL of SOC medium for 1.5 h at 37�C. Transformation efficiency was routinely at 5% ± 2% of the

population.

To select for transformants, recovered cells (500 mL) were transferred to 250 mL LBwith kanamycin (50 mg/mL) and grown for 4.5 h

at 37�C (OD600 reached ~0.3, equivalent to ~108 CFU/mL). This extent of selection was sufficient as ~100% of cells were kanamycin-

resistant at this point.

Illumina sequencing

100 mL of cells selected in liquid medium containing kanamycin were pelleted and minipreped (QIAGEN). Since sub-cloning was

done and the majority of plasmids extracted from cells contained a spacer, enrichment PCR was not necessary. For each sample,

a 60 mL reaction mix was prepared by adding 100 ng of plasmid DNA as template, 0.5 uM of forward primers (equimolar mixture of

W1397, W1398,W1399 andW1400), 0.5 uM of reverse primer (W1699) and Q5�High-Fidelity DNA polymerase (NEB). PCRwas per-

formed using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 12 cycles: 98�C for

10 s, 55�C for 20 s and 72�C for 30 s; final extension: 72�C for 2 min. PCR products were either visualized on a 2% agarose gel or

purified with AMPure XP beads (Beckman Coulter). The amount of the beads used was adjusted to maximize the removal of the

smaller non-adapted amplicons and retention of the larger adapted ones. Beads were eluted in 1 volume of H2O.

To prepare samples for sequencing, a second PCR was performed to introduce the Illumina adaptor sequences to the purified

amplicons from the previous PCR. A 150 mL reaction mix was prepared by adding 3 mL of the purified amplicons as template,

0.5 uM of forward primer, 0.5 uM of reverse primer and Q5� High-Fidelity DNA polymerase (NEB). The forward primer was either

W1434 or W1435, both containing the Illumina universal adaptor sequences and customized internal barcodes. The reverse primer

was W1427, which contained the Illumina adaptor and index sequences. All these primers were PAGE purified (IDT). PCR was per-

formed using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 6 cycles: 98�C for

10 s, 55�C for 20 s and 72�C for 30 s; final extension: 72�C for 2 min. PCR products were purified with AMPure XP beads (Beckman

Coulter) two times. The amount of the beads used was adjusted to maximize the removal of the smaller non-adapted amplicons and

retention of the larger adapted ones. Purified amplicons were subjected to the Illumina NextSeq platform.

E. coli Harboring CRISPR Adaptation Machinery (dcas9) Generates Single-spacer (1S) Libraries Targeting E. coli

A single colony of E. coli MG1655 harboring plasmid pWJ450 (which carries tracr, dcas9, cas1, cas2, csn2 and an empty CRISPR

array) was grown overnight in 4 mL of LB with chloramphenicol (25 mg/mL). Culture was diluted 1:200 in 15 mL of fresh LB (no an-

tibiotics) and grown until OD600 reached 0.5 – 0.6. Cells were pelleted and washed two times using one volume of sterile water at

room temperature. Cells were ultimately re-suspended in 1/200th volume of sterile water.

50 mL of cells were mixed with 20 mg (usually in 10 mL) of sheared genomic DNA prepared from MG1655. Electroporation was per-

formed using MicroPulser (Bio-Rad) with the default E. coli program 1 (1 mm, 1.8 kV and 6.1 ms). After electroporation, cells were

immediately re-suspended in 500 mL of LB and recovered at 37�C for 15min with shaking. Next, 200 mL of recovered cells were trans-

ferred to 15 mL of pre-warmed LB with chloramphenicol (12.5 mg/mL) and recovered for an additional 9 h at 37�C with shaking.

Generation of ‘‘One-vs-all’’ Libraries by CRISPR-Cas Adaptation in S. aureus with hdCas9
Generation of ‘‘one-vs-all’’ libraries by CRISPR-Cas adaptation

Three spacers targeting qoxA, ndh andmvaS were cloned into pTHR, generating plasmids pWJ451, pWJ455 and pWJ578, respec-

tively. All plasmids carried tracr, hdcas9 and the respective spacer targeting the gene of interest.

A single colony of S. aureus RN4220 harboring the chloramphenicol-resistant pTHR (e.g., pWJ451, targeting qoxA) and the tetra-

cycline-resistant pCCC (i.e., pWJ418, which carries cas1, cas2 and csn2 under an IPTG-inducible promoter, pSpac) was grown over-

night in 4mL of TSBwith chloramphenicol (5 mg/mL) and tetracycline (2.5 mg/mL). Culture was diluted 1:200 in 15mL of fresh TSBwith

2 mM IPTG to induce the expression of Cas1, Cas2 and Csn2 and grown until OD600 reached 1. TSB was further supplemented with

low concentration of gentamicin (0.5 mg/mL) for cells harboring either qoxA- or ndh-targeting plasmids. Cells were pelleted and

washed two times using one volume of sterile water at room temperature. Cells were ultimately re-suspended in 1/100th volume

of sterile water.
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50 mL of competent cells were mixed with 20 mg (usually in 10 mL) of sheared genomic DNA prepared from RN4220 and incubated

5min at room temperature. Electroporation was performed usingMicroPulser (Bio-Rad) with the default staph program (2mm, 1.8 kV

and 2.5 ms). After electroporation, cells were immediately re-suspended in 500 mL of TSB and recovered at 37�C for 15 min with

shaking. Next, 200 mL of recovered cells were transferred to 15 mL of pre-warmed TSB with chloramphenicol (5 mg/mL) and recov-

ered for an additional 5-7 h at 37�C with shaking. For cells harboring either qoxA- or ndh-targeting plasmids, TSB was further sup-

plemented with gentamicin (1 mg/mL) during recovery.

Exposure of ‘‘one-vs-all’’ libraries to high dose of gentamicin

After recovery, the ‘‘one-vs-all’’ library culture was typically at OD600 = 3.0 or 109 CFU/mL. 15 mL of the library culture was pelleted,

lysed, amplified by PCR and sent for Illumina sequencing. 6 mL of library culture was transferred to 500 mL of TSB (pre-warmed at

37�C) with chloramphenicol (5 mg/mL) and high dose of gentamicin (4 mg/mL) and grown for 18 h at 37�C, 220 rpm. After selection,

12mL of culture were pelleted, lysed, amplified by PCR and sent for Illumina sequencing. Selection of the ‘‘qoxA-vs-all’’ library in high

dose of gentamicin was performed in triplicates, while that of the ‘‘ndh-vs-all’’ and ‘‘mvaS-vs-all’’ libraries were each performed once.

Illumina sequencing

As CRISPR adaptation is of low frequency, to detect adaptation, enrichment PCR was performed similar to our previous study (Mod-

ell et al., 2017) with slight modifications. For each sample, a 60 mL reaction mix was prepared by adding 100 ng of plasmid DNA as

template, 0.5 uMof forward primer, 0.5 uMof reverse primers andQ5�High-Fidelity DNApolymerase (NEB). The forward enrichment

primers were an equimolar mixture of W1397, W1398 and W1399. The reverse primer was W1542 (for ‘‘qoxA-vs-all’’), W1688 (for

‘‘ndh-vs-all’’) and W1892 (for ‘‘mvaS-vs-all’’), respectively. PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with

the following settings. Initial denaturation: 98�C for 30 s; 18-29 cycles (depending on rate of CRISPR adaptation): 98�C for 10 s,

61�C for 20 s and 72�C for 30 s; final extension: 72�C for 2 min. PCR products were either visualized on a 2% agarose gel or purified

with AMPure XP beads (Beckman Coulter). The amount of the beads used was adjusted to maximize the removal of non-adapted

amplicons and retention of adapted ones. Beads were eluted in 1 volume of H2O.

To prepare samples for sequencing, a second PCR was performed to introduce the Illumina adaptor sequences to the purified

amplicons from the previous PCR. A 150 mL reaction mix was prepared by adding 3 mL of the purified amplicons as template,

0.5 uM of forward primer, 0.5 uM of reverse primer and Q5� High-Fidelity DNA polymerase (NEB). One forward primer was chosen

from the following: W1412, W1420, W1421, W1422, W1423, W1424, W1434 andW1435, all containing the Illumina universal adaptor

sequences and various customized internal barcodes. One reverse primer was chosen from the following: W1425, W1427 and

W1428, all containing the Illumina adaptor and index sequences. All these primers were PAGE purified (IDT). PCR was performed

using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 6 cycles: 98�C for 10 s,

55�C for 20 s and 72�C for 20 s; final extension: 72�C for 2min. PCRproducts were purifiedwith AMPure XP beads (BeckmanCoulter)

two times. The amount of the beads used was adjusted to maximize the removal of non-adapted amplicons and retention of adapted

ones. Purified amplicons were subjected to the Illumina NextSeq platform.

Generation of Dual-spacer (2S) Libraries in S. aureus with hdCas9
Generation of a 1S library

Generation of the dual-spacer (2S) library is schematized in Figure 6A. First, a single-spacer (1S) library was generated by CRISPR-

Cas adaptation in S. aureus RN4220 with hdCas9 as described above. After CRISPR adaptation and recovery, 20 mL of this library

culture was transferred to 500mL of TSB (pre-warmed at 37�C) with chloramphenicol (5 mg/mL) and gentamicin (1 mg/mL) and grown

for 9 h at 37�C, 220 rpm. After this mild selection, plasmid DNA was prepared from 30 mL of culture, generating M1906, which rep-

resented the 1S library.

Sub-cloning

After CRISPR adaptation, since only 0.1 – 1% of cells contained an adapted spacer, sub-cloning of the 1S library using enrichment

primers was necessary in order to substantially increase DNA with adapted spacers in the library. Sub-cloning was done by Gibson

assembly of an insert PCR and a backbone PCR.

For the insert PCR, a 140 mL reactionmix was prepared by adding 800 ng of M1906 as template, 0.5 uM of forward primer (W1521),

0.5 uM of reverse enrichment primers (equimolar mixture of W1202, W1203, W1204) and Q5� High-Fidelity DNA polymerase (NEB).

PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 40 cy-

cles: 98�C for 10 s, 65�C for 20 s and 72�C for 30 s; final extension: 72�C for 2 min. PCR products were subjected to a 2-step puri-

fication with AMPure XP in order to remove the large-sized plasmid template and the small-sized non-adapted amplicons. Briefly,

PCR products were mixed with 0.8X volume of beads, let settled and supernatant was transferred to 0.3X volume of beads and pro-

ceeded with purification. Beads were eluted in H2O, generating C1976.

For the backbone PCR, a 50 mL reaction mix was prepared by adding 10 ng of plasmid pWJ402 as template, 0.5 uM of forward

primer (W1522), 0.5 uM of reverse primer (W1525) and Q5� High-Fidelity DNA polymerase (NEB). PCR was performed using a

C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 30 cycles: 98�C for 10 s, 55�C
for 20 s and 72�C for 7min; final extension: 72�C for 15min. PCR products were purified with QIAquick PCR purification kit (QIAGEN),

generating C1542.
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10 mL of Gibson reaction was performed bymixing 70 ng of insert PCR, ~1 mg of backbone PCR and NEBuilder HiFi DNA Assembly

Master Mix (NEB) and incubating 30 min at 50�C. The insert PCR was at ~2.5X excess. Ligated products were transformed into elec-

tro-competent S. aureus RN4220 cells.

Transformants were selected on TSAwith chloramphenicol. After 16 h incubation at 37�C, a total of 20,000CFU (in two plates) were

obtained (5,000 – 10,000 CFU for every 10 mL Gibson reaction). These colonies were scraped using an L-shaped spreader and sus-

pended in 1X PBS, lysed with lysostaphin and minipreped, generating the sub-cloned 1S library (sub1-1S). As estimated by PCR,

~70% of the sub1-1G library contained an adapted spacer while the rest had an empty array.

The sub1-1S library was concentrated by evaporation and transformed into electro-competent S. aureus RN4220 cells harboring

pCCC (i.e., pWJ418). Transformed cells were selected on TSAwith chloramphenicol and tetracycline. After 16 h incubation at 37�C, a
total of 63,000 CFU (in three plates) were obtained. These colonies were scraped using an L-shaped spreader and suspended in

45 mL of 1X PBS. 10 mL of the suspended cells were lysed with lysostaphin and minipreped, generating M1983, which represented

the sub-cloned 1S library immediately before the second round of CRISPR adaptation (sub2-1S).

Generation of a 2S library

For the second round of CRISPR adaptation, 450 mL of suspended cells (1.83 109 CFU) were transferred to 90mL of TSB with 2 mM

IPTG and gentamicin (0.5 mg/mL) and grown until OD600 reached 1 (~3.5 h). Cells werewashed and electroporated with genomic DNA

prepared from RN4220 as described above. 200 mL of electroporated cells were re-suspended in 2 mL of TSB (scaled-up four times)

and recovered at 37�C for 15 min with shaking. Next, 800 mL of recovered cells were transferred to 60 mL of pre-warmed TSB with

chloramphenicol (5 mg/mL) and gentamicin (0.5 mg/mL) and recovered for an additional 6.5 h at 37�C with shaking.

After recovery, this library culture was at 2 3 109 CFU/mL. 30 mL of the culture was pelleted, lysed and minipreped, generating

M1984 which represented the 2S library. On the other hand, 10 mL x 3 of the 2S library culture were transferred to three different

Erlenmeyer flasks each containing 500 mL of TSB (pre-warmed at 37�C) with chloramphenicol (5 mg/mL) and gentamicin

(4 mg/mL), respectively. After 18 h growth at 37�C, 220 rpm, 25 mL of cells from each flask were pelleted, lysed and minipreped,

generating M1985, M1986 andM1987, each representing the 2S library post-selection in high concentration of gentamicin (4 mg/mL).

Illumina sequencing

Three types of libraries were being prepared for sequencing: sub2-1S (i.e., M1983), pre-selected 2S (i.e., M1984) and post-selected

2S libraries (i.e., M1985, M1986 and M1987). These library cultures were pelleted and re-suspended in P1 buffer (QIAGEN) supple-

mented with lysostaphin (1 mg/mL). Mixture was incubated for 1 h at 37�C. Next, Miniprep was performed following the QIAGEN pro-

tocol. To note, one column was used per sample and 70 – 120 mL of H2O was used to elute plasmid DNA. The final concentration of

DNA ranged from 500 to 900 ng/uL.

Sub2-1S library

To prepare the sub2-1S library (i.e., M1983) for sequencing, a 50 mL reaction mix was prepared by adding 50 ng of plasmid DNA as

template, 0.5 uM of forward primer (W1782), 0.5 uM of reverse primer (M1783) and Q5� High-Fidelity DNA polymerase (NEB). PCR

was performed using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 22 cycles:

98�C for 10 s, 55�C for 20 s and 72�C for 20 s; final extension: 72�C for 2 min. PCR products were purified with QIAquick PCR pu-

rification kit (QIAGEN) and eluted in 50 mL of H2O.

To prepare samples for sequencing, a second PCR was performed to introduce the full Illumina adaptor sequences to the purified

amplicons from the previous PCR. A 250 mL reaction mix was prepared by adding 1 mL of the purified amplicons as template, 0.5 uM

of forward primer, 0.5 uM of reverse primer and Q5�High-Fidelity DNA polymerase (NEB). The forward primer was P067, which con-

tained a portion of the Illumina universal adaptor sequence. The reverse primer was P072, which contained the Illumina adaptor and

index sequences. PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with the following settings. Initial denaturation:

98�C for 30 s; 5 cycles: 98�C for 10 s, 55�C for 20 s and 72�C for 20 s; final extension: 72�C for 2 min. PCR products were purified

with AMPure XP beads (Beckman Coulter). The amount of the beads used was adjusted to maximize the removal of non-adapted

amplicons and retention of adapted ones. Purified amplicons were subjected to the Illumina NextSeq platform (150 cycles).

Pre- and post-selected 2S libraries

To prepare the 2S libraries (i.e., M1984, M1985, M1986 and M1987) for sequencing, a 50 mL reaction mix was prepared by adding

500 ng of plasmid DNA as template, 0.5 uMof forward primer, 0.5 uMof reverse primer andQ5�High-Fidelity DNA polymerase (NEB)

for each of these libraries. One forward primer was chosen from the following: W1779, W1780, W1781 and W1782, all containing a

portion of Illumina universal adaptor sequences and various customized internal barcodes. The reverse primer was W1783, which

contained a portion of an Illumina adaptor sequence. PCR was performed using a C1000TM Thermal Cycler (Bio-Rad) with the

following settings. Initial denaturation: 98�C for 30 s; 25 cycles: 98�C for 10 s, 55�C for 20 s and 72�C for 35 s; final extension:

72�C for 2 min. PCR products were subjected to electrophoresis on a 2% agarose gel. Bands corresponding to amplicons with

two spacers were excised and purified using an Ultrafree-DACentrifugal Filter Unit (Millipore) and concentrated in 10 mL of H2O using

DNA Clean & Concentrator (DCC-5, Zymo Research).

To prepare samples for sequencing, a second PCR was performed to introduce the full Illumina adaptor sequences to the purified

amplicons from the previous PCR. A 250 mL reactionmixwas prepared by adding 1.5 mL of the purified amplicons as template, 0.5 uM

of forward primer, 0.5 uM of reverse primer and Q5� High-Fidelity DNA polymerase (NEB). The forward primer was P067, which

contained a portion of the Illumina universal adaptor sequence. The reverse primer was either P071 or P072, both containing the Il-

lumina adaptor and index sequences. All these primers were PAGE purified (IDT). PCR was performed using a C1000TM Thermal
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Cycler (Bio-Rad) with the following settings. Initial denaturation: 98�C for 30 s; 5 cycles: 98�C for 10 s, 55�C for 20 s and 72�C for 40 s;

final extension: 72�C for 2 min. PCR products were purified with AMPure XP beads (Beckman Coulter) two times. The amount of the

beads used was adjusted to maximize the removal of non-adapted amplicons (i.e., amplicons with one or no spacer) and retention of

adapted ones (i.e., amplicons with two spacers). Purified amplicons were subjected to either the IlluminaMiSeq platform (300 cycles)

or NextSeq platform (150 cycles).

For sequencing 2S libraries, we found that the MiSeq platform generated data of consistently better quality than the NextSeq plat-

form. Since the amplicon of our 2S libraries contained three CRISPR repeat sequences, we speculated that this may cause problems

for the NextSeq platform. Notably, Illumina MiSeq and NextSeq platforms use different sequencing chemistry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Analysis of Single-spacer (1S) and ‘‘One-vs-all’’ Libraries
Spacer identification and sequence alignment

First, for any genome, a list of all functional spacers (i.e., spacers with an ‘‘NGG’’ PAM) was created. Each spacer was uniquely iden-

tified by its strandedness and location in the genome. For instance, there are 136,928 unique functional spacers (i.e., occurrence of

‘‘NGG’’ on both strands of the DNA) in the S. aureus RN4220 genome.

From the FASTQ file generated by Illumina sequencing (NextSeq, 75 cycles), spacer sequences were identified by locating the two

direct repeats flanking them. Spacers were aligned to chromosomal and plasmid genomes using ‘‘aln’’ and ‘‘samse’’ functions of the

Burrows-Wheeler Alignment tool (Li and Durbin, 2009). The NCBI Staphylococcus aureus subsp. aureus NCTC8325 chromosome

(NC_007795.1), Staphylococcus aureus subsp. aureus MW2 chromosome (BA000033.2) and Escherichia coli str. K-12 substr.

MG1655 (NC_000913.3) were used as reference genomes.

From the output SAM file, only functional spacers (i.e., spacers with an ‘‘NGG’’ PAM) were considered for downstream analysis.

The number of times each unique functional spacer appeared was recorded. The frequency of each spacer was calculated by

dividing its number by the total number of chromosomal spacers.

Genome-wide spacer distribution at gene level

To assess the genome-wide spacer distribution at a gene level, the number of reads of all spacers matching each gene was summed

and normalized to the gene length, getting Rgene 1, Rgene 2 . Rgene N, where N is the number of genes in the genome. We then calcu-

lated the coefficient of variation (CVgene):

CVgene = sgene

�
mgene;
where sgene and mgene are the standard deviation and mean of all
 Rgenes, respectively. For E. coli, gene lacI was excluded due to its

abnormal enrichment caused by the presence of a helper plasmid (Figure 1D).

Estimation of fitness effects using Z-score

The terms ‘‘crRNA’’ and ‘‘spacer’’ are used interchangeably throughout. The fitness effect of each spacer under antibiotic exposure

was determined by its enrichment/depletion relative to the initial unselected library using the Z-score (Girgis et al., 2007). In the cur-

rent study, at least six single-spacer (1S) libraries were made independently via a single round of CRISPR adaptation. The frequency

of each spacer was log10 transformed (F) and its corresponding Z-score was calculated by:

Zspacer = ðFpost--Fm; preÞ
�
spre;
where F is the log-transformed frequency of the spacer in the
post post-selected sample, and Fm, pre and spre are the mean and the

standard deviation of the log-transformed frequency of the spacer in the six pre-selected 1S libraries.

Next, all Zspacers were grouped based on the genes they target (The regionwithin 100 bp upstreamof the start codon is also consid-

ered as part of the gene). To calculate themean Z-score for each gene (Mean-Z), Z-scores of all individual spacers matching the gene

were averaged after the removal of the lowest and highest Z-scores:

Mean-Z= Zspacer 2 +Zspacer 3 +.+Zspacer N�1ð Þ� N� 2ð Þ;
where spacers are ranked with their Z-scores from the lowest to th
e highest and N is the total number of spacers matching the gene.

Removal of the lowest and highest Z-scores effectively eliminated spacers with off-target potentials (see below).

However, as Mean-Z severely underestimated fitness effects due to the conflation of ineffective spacers, we used two other met-

rics: High2/3-Z by averaging the second and third most enriched spacers (similar to work by Gilbert and colleagues who used the

three strongest gRNAs (Gilbert et al., 2014)), or the 95th percentile of the Z-score of all spacers (except the lowest and the highest)

targeting each gene:

High2=3-Z= Zspacer N�2 +Zspacer N�1ð Þ�2

th

�

P95-Z= 95 percentile of Zspacer 2;Zspacer 3;.Zspacer N�1

�
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The twometrics showed good correlation (R = 0.92, Figure S5B) a
nd shared 96% of the top 25most enriched genes (Table S1D). We

chose P95-Z to represent the fitness effect of genes, as it was less prone to outliers than High2/3-Z while still effectively eliminated

spacers with off-target potentials (see below).

1S libraries that were treated for 18 hwith low (1.0 mg/mL) and high (4.0 mg/mL) concentration of gentamicin had three experimental

replicates. Thus, for each gene, the mean of the Mean-Z, High2/3-Z and P95-Z from the triplicates were calculated and reported

(Table S1D).

1S libraries that were treated for 4.5 h with no or low concentration of gentamicin (1.0 mg/mL) were performed once. Here we chose

Mean-Z to represent the fitness effects, as the goal was to quantify the negative fitness effects (i.e., depletion of crRNAs) and neither

High2/3-Z nor P95-Z was relevant. crRNA perturbations that potentiate the effect of antibiotics are expected to be significantly

depleted in gentamicin but not in plainmedium. Thus, we applied a filter so that we only considered geneswhoseMean-Zwas greater

than�0.2 in plain medium and less than 0 in gentamicin (1 mg/mL). Next, for each gene, Z-score of all individual crRNAs from the two

conditions were subjected to a Mann-Whitney U test in order to determine whether a significant portion of Zspacers were lower in

gentamicin. See also Table S1G.

1S library treated for 9 h with low (1.0 mg/mL) concentration of gentamicin was performed once (Table S1H).

To identify essential genes, 1S library was outgrown for 9 h in plain media three times. For each gene, the mean of the Mean-ZCT

from triplicates were calculated (Table S1I). To note, CT crRNAs of essential genes were depleted to some degree in the initial pre-

selected 1S libraries but were further depleted after 9-hour outgrowth.

Consideration of spacers with off-target potentials

In all the aforementionedmetrics (Mean-Z, High2/3-Z and P95-Z), we eliminated spacers with the lowest and highest Z-scores for each

gene. Doing so effectively reduced the probability of including faulty spacers with potential off-target effect when quantifying each

gene’s fitness effect. Indeed, when ranking genes by the highest Z-score (High-Z) targeting them, we foundmany top hits were faulty,

as they were targeted by only one spacer with high Z-score (Table S1D). These genes included SAOUHSC_01257,

SAOUHSC_00628, SAOUHSC_03037, SAOUHSC_03016 and SAOUHSC_00266 (see Figures S6O–S6S) and ‘‘Mean of High-Zs’’

column in Table S1D). Further examination revealed that these spacers had extensive seed-sequence homology (10-nt or more

from the PAM-proximal end) and correct PAMs to non-neutral off-target sites within genes such as qoxA, qoxC and mnhA. Here,

a gene is defined as non-neutral if repression of it by CRISPRi increases cell’s fitness in gentamicin.

In order to exclude off-target spacers, we applied a filter in which spacers with 10-nt or more of their seed sequence matching

another genomic site with a correct PAM were excluded from analysis. As a result, 37% spacers from the library were excluded

by this filter, which effectively reduced the number of genes that were targeted by only one spacer with high Z-score. However,

when comparing the P95-Zs obtainedwith andwithout this off-target filter, we found that 29 out of 30 top hits were the same (compare

the ‘‘Mean of P95-Zs’’ columns in Tables S1D and S1E), suggesting that the off-target filter may not be necessary.

Taken together, we decided to not apply the off-target filter because: (i) The similarity between the results from these two pipelines

indicates elimination of the highest Z-score for each gene alone effectively excluded spacers with off-target potentials; (ii) Genes con-

taining more than one spacer with off-target potential on other non-neutral genes are extremely rare. Plus, top enriched hits (e.g., top

30) identified with either pipeline contained multiple spacers with high Z-score (column ‘‘ranked Zs’’ in Table S1D), suggesting they

were bona fide hits. (iii) The off-target filter excluded 37% of spacers (in our case the vast majority of these spacers have neutral off-

targets), compromising the coverage and sensitivity of our 1S and 2S CRISPRi screens. For instance, our pipeline with off-target filter

failed to identify the essential gene, mvaK2 as a hit after gentamicin (1 mg/mL) treatment (compare Tables S1D and S1E).

Computational sampling

100 low-diversity crRNA libraries were simulated by computational sampling our comprehensive crRNA libraries (either 18-h or 4.5-h

selection) generated by CRISPR adaptation. In each sampling, 10 random crRNAs per gene from these comprehensive crRNA li-

braries were selected. P95-Zs and -log(P) values (Mann-Whitney U test) were calculated as previously.

Estimation of fitness effects using Log2FC (for 1S and ‘‘one-vs-all libraries)

The fold-change between post-selected and pre-selected libraries was also used as a measure of fitness effect. Log2 of the fold-

change (Log2FC) of each spacer was calculated by:

Log2FCspacer = Log2ðfpost
�
fpreÞ;
where f and f are the frequency of the spacer in the post-s
post pre elected and pre-selected libraries, respectively. P95-Log2FC was

calculated similar to the P95-Z. For each gene, the mean of the P95-Log2FCs from the triplicates were reported, and a one-sample

t test (one-tailed) between the triplicates of P95-Log2FCs and 0 (i.e., fold-change of 1) was performed. In cases where the P95-Log2FC

value was not present in triplicates post-selection, a t test could not be performed and P value was assigned ‘‘N/A.’’

The fold-change and Z-score calculations showed good correlation for enriched genes (R = 0.96, Figure S5C) and shared 92% (23/

25) of the top enriched genes (Compare Tables S1D and S1F). However, we preferred using P95-Z to P95-Log2FC whenever possible

as we had six pre-selected 1S libraries, making Z-score analysis more statistically robust.
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Estimating epistasis

In the absence of a genetic interaction, the fitness of a double mutant is expected to be the product of the individual fitness of the two

single mutants (Phillips, 2008; Segrè et al., 2005). Epistasis (ε) measures the deviation from this expectation:

εX; Y = WX; Y--WX$WY;
where WX, Y is the fitness of the double genetic perturbation, an
d WX and WY are the fitness of the single genetic perturbations in

genes X and Y, respectively.

We selected 10 representative strains harboring single- and dual-spacers and measured their fitness by pairwise competition as-

says in gentamicin (See ‘‘Pairwise competition assay’’ below). As the measured fitness and Log2FC of individual spacers from deep

sequencing exhibited a high correlation (Figure S8G), we used Log2FC as a proxy to estimate epistasis between qoxA and gene X:

εqoxA; X = Log2FCqoxA; X--Log2FCqoxA$Log2FCX;
where Log2FCqoxA, X is the Log2FC of gene X measured in the ‘‘q
oxA-vs-all’’ library, representing the combined fitness effect of re-

pressing qoxA and gene X, Log2FCqoxA and Log2FCX are the Log2FCs measured in the 1S library, representing the fitness effect of

repressing either qoxA or gene X, respectively. All measurements were performed in gentamicin (4.0 mg/mL).

Pairwise competition assay

S. aureus RN4220 cells harboring no spacer (pWJ402, representing wild-type) and single spacers targeting qoxA, ndh,mvaD, atoB,

cydA and SAOUHSC_01269 were constructed. All these spacers were cloned into the pWJ402 backbone with a chloramphenicol-

resistant (cmR) marker. Cells harboring these plasmids were also co-transformed with a tetracycline-resistant (tetR) plasmid

harboring an empty CRISPR array.

S. aureus RN4220 cells harboring dual-spacers were generated by co-transforming the cmR pWJ451 (qoxA-targeting) and a tetR

plasmid harboring a spacer that targets one of the following genes: ndh, mvaD, atoB, cydA and SAOUHSC_01269.

All strains harboring single-spacers and dual-spacers were competed with an RN4220 strain harboring two plasmids, pWJ451

(qoxA-targeting, cmR) and pE194, an empty erythromycin-resistant (ermR) plasmid. This strain rather than the wild-type was chosen

as the common competitor becausemeasurements aremore precise when the two competitors have similar fitness than when one is

substantially more fit than the other (Wiser and Lenski, 2015).

Importantly, the presence of all resistance cassettes (cmR, tetR and ermR) did not change the MIC of gentamicin (data not shown).

Additionally, we determined that plasmids carrying the tetR and ermR cassettes (i.e., pT181 and pE194) were stable without selection,

as 100/100 colonies we checked by replica platingmaintained the plasmid after growing in plainmedium for 11 h (the same amount of

time used for pairwise competition). Detailed experimental procedures of the pairwise competition assay are as follows.

A single colony of S. aureusRN4220 harboring a cmR plasmid (e.g., pWJ451, qoxA-targeting) and tetR plasmid (e.g., pWJ481, ndh-

targeting) was grown overnight in 4 mL of TSB with chloramphenicol (5 mg/mL) and tetracycline (2.5 mg/mL). A single colony of the

common competitor, S. aureus RN4220 harboring pWJ451 (qoxA-targeting, cmR) and pE194 (ermR) was grown overnight in 4 mL of

TSB with chloramphenicol (5 mg/mL) and erythromycin (5 mg/mL). The two overnight cultures were washed in 1X PBS and equal CFU

of the two cultures were mixed based on OD600. Next, the OD600 of the mixed culture was measured and 375 units of cells (e.g., if

OD600 = 3.75, use 100 mL) were transferred to 7.5 mL of TSB with chloramphenicol (5 mg/mL). Cultures were grown for 11 h and al-

iquots of cells at T = 0 and T = 11 h were plated onto TSA with chloramphenicol (10 mg/mL) and tetracycline (5 mg/mL) or TSA with

chloramphenicol (10 mg/mL) and erythromycin (10 mg/mL). Agar plates were incubated 16–24 h at 37�C and colonies were

enumerated.

Fitness of strain X (WX) was calculated as relative to that of the common competitor:

WX =

ln

�
NX; f

NX; i

�

ln

�
NC; f

NC; i

�

where NX and N are the population sizes of strain X and the com
C mon competitor, and subscripts f and i indicate the final and initial

time points, respectively.

Data Analysis of Dual-spacer (2S) Libraries
Spacer identification and sequence alignment

First, for any genome, a list of all functional spacers (i.e., spacers with an ‘‘NGG’’ PAM) was created. Each spacer was uniquely iden-

tified by its strandedness and location in the genome. For instance, there are 136,928 unique functional spacers (i.e., occurrence of

‘‘NGG’’ on both strands of the DNA) in the S. aureus RN4220 genome.
Cell 180, 1002–1017.e1–e12, March 5, 2020 e10



From the FASTQ file generated by Illumina sequencing (Miseq, 300 cycles), the two spacer sequences were identified by locating

the three direct repeats flanking them. Spacers were aligned to chromosomal and plasmid genomes using ‘‘aln’’ and ‘‘samse’’ func-

tions of the Burrows-Wheeler Alignment tool (Li and Durbin, 2009). From the output SAM file, only functional spacers (i.e., spacers

with an ‘‘NGG’’ PAM) were considered for downstream analysis.

Quantification of spacer frequency at a gene level

Only reads containing two spacers were considered for this analysis. After selection in high [gent], spacer frequencies at a gene level

from triplicates were calculated. For this analysis, we applied a more stringent filter in which we only considered genes that were

targeted by an average of 3.5 unique spacers across triplicates, in order to avoid spacers with off-target potential. A total of 183

genes remained after this filter (Figure 6D).

Estimation of fitness effects using Log2FC

In order to estimate the fitness effect of spacer pairs containing qoxA (or qoxB, ndh, etc) in high [gent], the pairs containing qoxAwere

first sorted out from the pre- and post-selected 2S libraries (Tables S2A and S2C). Then, the log2 of the fold-change (Log2FC) of each

qoxA-containing spacer pair was calculated:

Log2FCqoxA::Spacer K = Log2ðfpost
�
fpreÞ;
where qoxA::Spacer K denotes a spacer pair in which one spacer
matched qoxA and Spacer K was any one of all 136,928 possible

spacers targeting the genome. fpost and fpre are the frequency of the spacer pair in the post- and pre-selected 2S libraries,

respectively.

Similar to the 1S libraries, all Log2FCqoxA::Spacer Ks were grouped based on the non-qoxA gene Spacer K targeted, ranked, and P95-

Log2FC for each gene was calculated. For each gene, the mean of the P95-Log2FCs from the triplicates were reported, and a

one-sample t test (one-tailed) between the triplicates of P95-Log2FCs and 0 (i.e., fold-change of 1) was performed. In cases where

the P95-Log2FC value was not present in all triplicates post-selection, a t test could not be performed and the P-value was assigned

‘‘N/A.’’ We only considered genes that were present in at least two of the three replicates. See Tables S2D–S2G.

When analyzing spacer pairs that were significantly enriched, we further applied a filter in which only genes that were targeted by

more than 2 crRNAs post-selection were included. This was to avoid spacers with off-target potential. See column ‘‘Number of all

crRNAs (combined from lib1,2,3 post-selection)’’ in Tables S2D–S2G.

Spacer order

For all post-selected gene pairs containing qoxA (i.e., qoxA::gene X) or qoxB, the number of times gene X appeared as the first and

the second spacer (N1 and N2, respectively) were recorded. To be stringent, we applied a filter such that we only analyzed pairs in

which gene Xwas targeted bymore than one unique spacer at the dominant spacer position from triplicates. In other words, if gene X

appeared more often as Spacer 2 than as Spacer 1, Spacer 2 is the dominant position and our filter demanded that there were more

than one unique spacer targeting gene X at the Spacer 2 position.

For each gene, the ratio of Spacer 2 to Spacer 1 (Spc2/Spc1) was calculated as N2/N1. N1 and N2 from triplicates were subjected

to a Mann-Whitney U test to determine whether one spacer was significantly more abundant than the other.

We analyzed spacer order for pairs containing qoxA and qoxB, which were the two most abundant crRNA species among the 2S

library after selection in high [gent] (Figure 6D). For themost enriched pairs containing qoxC, the third most abundant crRNA species,

sequencing coverage dropped to a level (e.g., median number of reads for Spacer 2 was 8.5) where quantification of spacer ratio was

no longer accurate (Figures S9I–S9K).

Predictive Model for crRNA Activity
Libraries M2143 (0-hour) and M2144 (10-hour outgrowth) were made using hCas9 as described in section ‘‘S. aureus Harboring

CRISPR Adaptation Machinery (hcas9) Generates Single-spacer (1S) Libraries Targeting E. coli.’’ Log2FC of 8,491 crRNAs (with

raw reads > 20) from these libraries were calculated as a proxy for cleavage activity and sorted (Table S3A). We then retained two

categories for the most efficient (lowest 40% Log2FC) and least efficient crRNAs (top 10% Log2FC). As features for prediction, we

considered the individual bases in the 20 nucleotides of the crRNA as well as 10 nucleotides upstream and downstream the target

sequence on the genome. The nucleotide space was represented with one-hot encoding allowing for independent weights for each

possible base (Doench et al., 2014). To predict whether a given crRNA has efficient cleavage activity or not, we trained a logistic

regression model using Biopython’s LogisticRegression module. We estimated the overall performance of logistic regression under

3-fold cross-validation to prevent over-fitting the model. The model’s weights may be used to estimate the predictive score pðseqiÞ
for any crRNA sequence:

pðseqiÞ = 1

1+ e�hðseqiÞ
h seqið Þ=wo +
X

k˛ �30; 10ð Þ
j˛ A;C;G;Tf g

wk;j$F
i k; jð Þ
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where seq is the 40-nt sequence used for prediction represented
i by features Fiðk; jÞ; Fiðk; jÞ= 1 when j matches the nucleotide pre-

sent in position k of seqi, otherwise Fiðk;jÞ= 0. The intercept iswo andwk;j are the feature weights for position k and base j. Parameters

for a model trained on all available data are provided in Table S3C.

De novo Motif Discovery for crRNA Target Libraries
To systematically explore the space of sequence features within the first 9 nucleotides of the target sequence (positions�9 to�1) we

used FIRE, a computational framework for the discovery of regulatory elements (Elemento et al., 2007). crRNAs were sorted with

respect to their cleavage activity in the Cas9 assay into 7 bins, and examined for sequence features that are significantly informative

of the cleavage activity for crRNAs that harbor them.We started by considering all possible 3-mers immediately upstream of the PAM

(�3 to �1). The most informative 3-mers were retained as seeds, and optimized into more general motif representations (Elemento

et al., 2007). FIRE was run with 3-fold cross-validation, whereby the dataset is partitioned into 3 sets – 2 parts are used as the training

set for motif discovery and 1 set is set aside as a test set to evaluate the results (Vejnar et al., 2019). Motifs discovered on the training

set were considered only if they exhibit significant mutual information in the test set (Z-score > 5) and have a pattern of over- and

under-representation across categories that is similar to the representation pattern in the training set (correlation > 0.5). Source

code for the FIRE algorithm with the cross-validation option is available at: https://tavazoielab.c2b2.columbia.edu/FIRE/

DATA AND CODE AVAILABILITY

The data that support the findings of this study are available from the Lead Contact upon reasonable request. The SRA accession

number for NGS data is PRJNA595000. See also https://tavazoielab.c2b2.columbia.edu/CALM/
Cell 180, 1002–1017.e1–e12, March 5, 2020 e12
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Figure S1. Existing Genome-wide CRISPR Libraries, the CRISPR-Cas Adaptive Immune System in Prokaryotes, and Comparison of the

Canonical S. pyogenes crRNA and Engineered gRNA during CRISPR Targeting, Related to Figure 1

(A) Compilation of CRISPR libraries targeting a variety of prokaryotic and eukaryotic genomes from previous (Bassett et al., 2015; Cui et al., 2018; Gilbert et al.,

2014; Lee et al., 2019; Rousset et al., 2018; Sanson et al., 2018; Sidik et al., 2016) and current studies. The number of total gRNAs (or crRNAs), total genes and

average number of gRNAs (or crRNAs) per gene are shown.

(B) Clustered, regularly interspaced, short, palindromic repeats (CRISPR) loci and their associated (cas) genes encode an adaptive immune system that protects

bacteria and archaea from viral infection. The CRISPR array is composed of short DNA repeats (black boxes denoted as ‘‘R’’) interspaced by equally short spacer

(legend continued on next page)



sequences (colored boxes with numbers) derived from foreign nucleic acid elements such as phages and mobile plasmids. The CRISPR array is preceded by a

leader sequence (white box denoted as ‘‘L’’) containing the promoter for its expression. In the immunization (or spacer adaptation) stage, spacers sequences are

captured upon entry of foreign DNA into cell and integrated into the leader-proximal position of the CRISPR array. This process is mediated by the CRISPR

adaptation machinery. In the immunity (or CRISPR targeting) stage, the CRISPR array is transcribed and processed into small CRISPR RNAs (crRNAs), which

guide the Cas nucleases (targeting complex) to recognize and degrade the invader’s genome on the basis of sequence specificity. See also a recent review

(Marraffini, 2015).

(C) Comparison of the canonical S. pyogenes crRNAs and engineered gRNAs during CRISPR targeting. Left: The canonical S. pyogenes CRISPR targeting

complex is composed of Cas9, the endonuclease, and two small RNAs, crRNA and tracrRNA (Deltcheva et al., 2011). The processed crRNA contains a 20-nt

target-recognizing sequence derived from spacer and a partial repeat sequence. During CRISPR targeting, the Cas9::dual-RNA tripartite complex recognizes the

target double-stranded DNA matching the crRNA. This short sequence is also known as protospacer. For the S. pyogenes system, the three nucleotides

immediately downstream of the protospacer is the protospacer-adjacent-motif (PAM). PAM is required to be ‘‘NGG’’ in order for S. pyogenes Cas9 cleavage.

Right: A gRNA is an engineered single RNA species that combines the functional and structural features of both crRNA and tracrRNA. For this reason, it is also

known as single guide RNA (sgRNA). The PAM requirement is the same for both gRNAs and canonical crRNAs.



Figure S2. Generation of crRNA Libraries with hdCas9 in S. aureus RN4220, Related to Figure 1

(A) Schematic of generating genome-wide crRNA libraries to be directly used inS. aureusRN4220. In their native context, while Cas1, Cas2 andCsn2 are involved

in CRISPR adaptation, Cas9 and tracrRNA engage in both the adaptation and targeting process. Plasmid pTHR (aka. pWJ402) contains tracr, hdcas9 (hyper dead

Cas9, D10A, I473F, H840A), an empty CRISPR array (R) and a chloramphenicol resistance marker (cat). Both tracr and hdcas9 are under their canonical pro-

moters. Plasmid pCCC (aka. pWJ418) contains cas1, cas2 and csn2 under the IPTG-inducible promoter, pSpac. pCCC also contains a tetracycline resistance

marker (tet). Overnight cells harboring these two plasmids were re-grown and CRISPR adaptation was induced, followed by electroporation of genomic DNA

(legend continued on next page)



(gDNA). Inducer (IPTG) was not present in any subsequent steps. See ‘‘S. aureus Harboring CRISPR Adaptation Machinery (hdcas9) Generates Single-spacer

(1S) Libraries Targeting S. aureus’’ in STAR Methods for the detailed protocol of generating the crRNA libraries.

(B) Sequence of the CRISPR array, forward primer (W1201) and reverse enrichment primers (equimolar mixture of W1202, W1203 and W1204). As the reverse

primers end in G, A and T (colored in red), they preferentially bind the second rather than the first CRISPR repeat, thereby enriching a longer PCR product

containing the spacer. For this reason, there were moderately fewer spacers that end in G after PCR. The design of the enrichment primers is similar to a previous

study (Heler et al., 2015).

(C) Left: Spacer adaptation detected in 2% agarose gel. Plasmids extracted from cells post CRISPR adaptation were subjected to PCR with enrichment primers

shown in (B). Upper (~163 bp) and lower (97 bp) bands corresponded to the adapted and non-adapted CRISPR arrays, respectively. crRNA libraries weremade in

RN4220 and wild-type, hard-to-transform S. aureus strains (Newman, TB4 and MW2). The transformation efficiency of Newman (Monk et al., 2012) and MW2

(Monk et al., 2015) were previously reported. Right: Reference agarose gel showing PCR performed onmock samples prepared with known ratios of adapted and

non-adapted CRISPR arrays.

(D) Deep sequencing revealed spacer origin of six crRNA libraries generated in S. aureus RN4220. Spacers were derived from either the host chromosome or two

helper plasmids. More chromosomal spacers were generated when electrocompetent cells were made at room temperature (Lib-2, Lib-3, Lib-5 and Lib-6), as

opposed to at 4�C (Lib-1 and Lib-4).

(E) Among all spacers matching the chromosome, 87%–90% had the correct NGG PAMs. Library-2 (Lib-2) is shown as a representative.

(F) Among all spacers matching the chromosome, 99% were 30- or 31-nt, which are the length of canonical S. pyogenes CRISPR spacers. Library-2 (Lib-2) is

shown as a representative.
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Figure S3. Constitutively Expressed CRISPR-Cas Adaptation and Biased Adaptation toward Internal DNA, Related to Figure 1

(A) S. aureus RN4220 cells harboring a constitutively expressed hyperactive CRISPR adaptation machinery. Plasmid pTHR (aka. pWJ402) contains tracr, hdcas9

(hyper dead Cas9, D10A, I473F, H840A), an empty CRISPR array (R) and a chloramphenicol resistance marker (cat). Both tracr and hdcas9 are under their

canonical promoters. Plasmid pCCC (aka. pAV112B) contains cas1, cas2 and csn2 under a strong constitutive pTet promoter. pCCC also contains a tetracycline

resistance marker (tet).

(B) Overnight cells harboring these two plasmids in (A) were re-grown, followed by electroporation of S. aureus genomic DNA (gDNA). Spacer adaptation was

detected in both overnight (O/N) cells and cells electroporated with gDNA even using non-enrichment primers (W1307 and L401). The percentage of cells with an

adapted spacer is shown.

(C) Deep sequencing revealed spacer origin of adapted overnight (O/N) cells and cells electroporated with gDNA.

(D) Number of reads and location of chromosomal spacers sequenced from overnight cells. Similar to previous studies (Levy et al., 2015; Modell et al., 2017), a

strong adaptation bias toward the chromosomal replication terminus was observed. In contrast to Figure 1B, the reference RNA4220 genome shown here has the

three prophages removed.

(E) S. aureus RN4220 cells harboring a hyperactive CRISPR adaptation machinery were electroporated with E. coli MG1655 genomic DNA. Deep sequencing

revealed the spacer origin of adapted cells (biased toward internal chromosomal DNA).

(F) Similar to Figure 1B, number of reads and location of all spacers matching the S. aureus RN4220 genome are shown.
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Figure S4. Generation of crRNA Libraries Targeting Organisms of Interest with hCas9 in S. aureus Followed by Sub-cloning, and Generation

of the crRNA Library with dCas9 in E. coli, Related to Figure 1

(A) Schematic of generating genome-wide crRNA libraries to be sub-cloned into other organisms of interest. In their native context, while Cas1, Cas2 and Csn2

are involved in CRISPR adaptation, Cas9 and tracrRNA engage in both the adaptation and targeting process. Plasmid pTHR (aka. pWJ411) contains tracr, hcas9

(hyper Cas9, I473F), an empty CRISPR array (R) and a chloramphenicol resistance marker (cat). Both tracr and hcas9 are under their canonical promoters.

Plasmid pCCC contains cas1, cas2 and csn2 under the IPTG-inducible promoter, pSpac. Two different pCCCs were constructed. pWJ418 carried a pT181 origin

and a tetracycline resistancemarker (tet); pWJ420 carried a pE194 origin and an erythromycin resistancemarker (erm). Overnight cells harboring these pTHR and

pCCC were re-grown and CRISPR adaptation was induced, followed by electroporation of genomic DNA (gDNA) of interest. See ‘‘S. aureus Harboring CRISPR

Adaptation Machinery (hcas9) Generates Single-spacer (1S) Libraries Targeting E. coli’’ in STARMethods for the detailed protocol of generating and sub-cloning

the crRNA libraries.

(B) Deep sequencing revealed spacer origin of two E. coli crRNA libraries generated in S. aureus RN4220 before sub-cloning. The pCCC had either a pT181 origin

(pWJ418) or a pE194 origin (pWJ420). See also Table S1B.

(legend continued on next page)



(C) E. coliMG1655 cells harboring the S. pyogenesCRISPR-Cas adaptation machinery were electroporated with its own genomic DNA. Plasmids extracted from

cells post CRISPR adaptation were subjected to PCR with enrichment primers. Upper and lower bands on a 2% agarose gel corresponded to the adapted and

non-adapted CRISPR arrays, respectively. Competent cells were prepared by re-inoculating overnight cells and growing to exponential phase (STAR Methods).

Moderate adaptation events were observed when competent cells were electroporated with either genomic DNA (gDNA) or water (H2O) control. Adaptation was

not detected in overnight culture (O/N).
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Figure S5. Treatment of S. aureus RN4220 crRNA Libraries in Gentamicin (1 mg/mL) and Validation, Related to Figure 3

(A) S. aureus RN4220 cells with crRNA libraries generated by CRISPR adaptation were treated with gentamicin (1 mg/mL) for 18 hours (Figure 3A). Distribution of

Mean-Z (mean of Mean-Zs from triplicates) for each gene is shown (as opposed to P95-Z in Figure 3B).

(B) Scatterplot showing the correlation between themeans of P95-Zs andHigh2/3-Zs of genes after 1S libraries were treatedwith gentamicin (1 mg/mL) for 18 hours

in triplicates. Data points were from Table S1D.

(C) Scatterplot showing the correlation between themeans of P95-Zs and P95-Log2FCs of enriched genes after 1S libraries were treated with gentamicin (1 mg/mL)

for 18 hours in triplicates. Data points were from Tables S1D and S1F.

(D) Three scatterplots showing the pairwise correlation between P95-Z calculated from triplicates. Data points were from Table S1D.

(E) A S. aureus RN4220 crRNA library generated by CRISPR adaptation was treated with gentamicin (1.0 mg/mL) for 4.5 hours (Figure 3E). Distribution of Z-scores

(Mean-Z, single measurement) for each gene is shown.Many genes enriched after 4.5-hour selection were also seen after 18 hours (Figure 3B), with the exception

of genes encoding the iron-sulfur cluster (e.g., sufBCDS).

(F) Schematic showing ETC-related genes and pathways in which crRNAs were highly enriched after exposure to gentamicin. Pathways with black edges were

enriched in low [gentamicin] (i.e., 1 mg/mL) and sometimes high [gentamicin] (i.e., 4 mg/mL). Pathways with red edges were only enriched in high [gentamicin] (i.e.,

4 mg/mL) when a second gene was co-repressed (i.e., identified in 2S or individual ‘‘one-vs-all’’ libraries).

(G) Schematic of the bacterial fatty acid synthesis (FAS) pathway borrowed from a review article (Zhang et al., 2006) with the following modifications. Boxes

indicate genes in which crRNAs were significantly depleted after exposure to gentamicin (1.0 mg/mL) for 4.5 hours. TOFA (5-(tetradecyloxy)-2-furoic acid) and

cerulenin inhibits the acetyl-CoA carboxylase complex AccABCD and FabB/F, respectively.

(H) Growth of S. aureus RN4220 cells in media containing various concentrations of gentamicin and TOFA. Units are in mg/mL. See also Figure 3J.

(I) Cerulenin potentiates the effect of gentamicin as shown by bacterial growth (OD600measured at 18 h). [gentamicin]: 0, 0.125, 0.25 and 0.5 mg/mL; [cerulenin]: 0,

3.125, 6.25 and 12.5 mg/mL.

(J) Schematic of the mevalonate pathway. Underlined genes had crRNAs that were significantly enriched after exposure to low (1.0 mg/mL) and high (4.0 mg/mL)

concentrations of gentamicin. Boxed genes had crRNAs that were significantly enriched only after exposure to high concentration of gentamicin when a second

gene was co-repressed (i.e., identified in 2S or individual ‘‘one-vs-all’’ libraries). Vanadyl sulfate (VS) inhibits the mevalonate kinase (Gharehbeglou et al., 2015).

(K) Growth of S. aureus RN4220 cells in media containing gentamicin (1.0 mg/mL) and various concentrations of VS. Units are in mg/mL. See also Figure 3I.

(L) Growth of S. aureus RN4220 cells harboring selected top enriched spacers shown in Figure 3B in plain medium or gentamicin (1 mg/mL).

(M) Growth of S. aureus RN4220 cells harboring spacers that target the 16S rRNA (R0001-R0005) and two structural components of the ribosome, rplB and rplC,

in plain or gentamicin (1.0 mg/mL). All five 16S rRNAs (R0001-R0005) share extensive sequence homology and therefore the spacers designed match all of them.

The MICs (triplicates) are also shown.

(N) Growth of S. aureus RN4220 cells harboring spacers targeting an intergenic region (genomic locations shown in parenthesis) in plain medium or gentamicin

(1.0 mg/mL). The MICs (triplicates) are also shown.

(O) Growth of S. aureus RN4220 cells harboring selected top depleted spacers shown in Figure 3G in plain medium or gentamicin (0.5 mg/mL).

For all panels involving growth curves, representative growth curves of at least three independent assays are shown.
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Figure S6. Z Scores or Log2FCs of All Individual crRNAs Targeting Representative Genes after Gentamicin Treatment, Related to Figures 3

and 5

(A-D) Z-scores of all individual crRNAs targeting representative non-essential genes enriched after 18-hour and 4.5-hour selection in gentamicin (1.0 mg/mL).

18-hour experiments were done in triplicates (lib-1 through lib-3). 4.5-hour experiments were either treated with gentamicin or grown in plain media. Vertical gray

solid and dotted lines indicate the start and end of the genes, respectively. For 18-hour experiments, horizontal purple and orange dotted lines indicate the mean

Z-scores of all CT andNCT crRNAs, respectively. For 4.5-hour experiments, horizontal purple and orange solid lines indicate themean Z-scores of all CT andNCT

crRNAs from the sample treated with gentamicin, and horizontal purple and orange dotted lines indicate the mean Z-scores of all CT and NCT crRNAs from the

sample grown in plain media. N represents the total number of crRNAs targeting each gene/operon.

(E, F) Same as (A-D) except shown are representative essential genes.

(G) Z-scores of all individual crRNAs targeting rplB after 18-hour selection in gentamicin, as a blow-up of (F). Black arrows showing CT crRNAs that could not be

cloned.

(H-N) Z-scores of all individual crRNAs targeting representative genes depleted after 4.5-hour selection in gentamicin (1.0 mg/mL). Z-scores in both gentamicin

and plain media are shown. Vertical gray solid and dotted lines indicate the start and end of the genes, respectively. Horizontal purple and orange solid lines

indicate the mean Z-scores of all CT and NCT crRNAs from the sample treated with gentamicin, and horizontal purple and orange dotted lines indicate the mean

Z-scores of all CT and NCT crRNAs from the sample grown in plain media. N represents the total number of crRNAs targeting each gene and the P-value of the

Mann-Whitney U test is shown.

(O-S) Z-scores of all individual crRNAs targeting representative genes (SAOUHSC_01257, etc.) containing non-neutral off-target sites after 18-hour selection in

gentamicin (1.0 mg/mL) (triplicates). Vertical gray solid and dotted lines indicate the start and end of the genes, respectively. Horizontal purple and orange dotted

lines indicate the mean Z-scores of all CT and NCT crRNAs, respectively. The crRNA with abnormally high Z-score is circled and the base-pairing between the

spacer and the non-neutral off-target site is shown. A gene (e.g., qoxA, qoxC andmnhA) is defined as non-neutral if repression of it by CRISPRi increases cell’s

fitness in gentamicin (Figure 3B).

(T-X) Log2FCs of all individual crRNAs targeting representative essential genes enriched in ‘‘qoxA-vs-all’’ libraries (triplicates) after 18-hour selection in gentamicin

(4.0 mg/mL). Vertical gray solid and dotted lines indicate the start and end of the genes, respectively. Horizontal purple and orange dotted lines indicate the mean

Log2FCs of all CT and NCT crRNAs, respectively. N represents the total number of crRNAs targeting each gene/operon.
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Figure S7. CRISPRi Detects Gene Essentiality in S. aureus RN4220, Related to Figure 3

(A) S. aureus RN4220 cells with crRNA libraries generated by CRISPR adaptation were grown in plain TSB liquid culture for 9 hours at 37�C (triplicates). For each

replicate, the Z-score of all CT crRNAs targeting each genewere ranked, and themean Z-score (Mean-ZCT) was calculated after removal of the lowest and highest

Z-score. The mean of Mean-ZCTs from triplicates was used to estimate each gene’s fitness.

(legend continued on next page)



(B) Genes were ranked according to their mean of Mean-ZCTs from triplicates. Genes that were identified as essential in both previous transposon library studies

(Bae et al., 2004; Chaudhuri et al., 2009) were shown in purple. Non-essential genes were shown in red. A threshold (Z = �1.40) was empirically determined to

maximize true positive rate while limiting false positive rate. Genes below the threshold were classified as essential genes in this study.

(C) Venn diagram comparing essential genes identified in two previous transposon library studies (Bae et al., 2004; Chaudhuri et al., 2009) and our CRISPRi

screen. Notably, the Bae study was performed in S. aureus strain Newman with TSBmedium at 43�C, and the Chaudhuri study was performed in S. aureus strain

SH1000 with BHI medium at 44�C.
(D) ROC curve showing the performance of our CRISPRi screen in identifying genes that were found as essential in two previous transposon library studies (Bae

et al., 2004; Chaudhuri et al., 2009). The red dot represents the chosen threshold in (B).

(E) Z-scores of all individual CT crRNAs targeting three representative operons. Left: an operon in which all genes are essential; middle: an operon in which all

genes are non-essential; right: an operon in which a non-essential gene is followed by an essential gene. In all panels, genes in gray and white represent essential

and non-essential genes, respectively. Vertical gray solid and dotted lines indicate the start and end of the genes, respectively. Horizontal purple line indicates the

mean Z-scores of all CT crRNAs (Mean-ZCT). Essential genes (mvaK1DK2) have low negative Mean-ZCT (left). Non-essential genes (qoxABCD) have Mean-ZCT

that is near zero (middle). However, when a non-essential gene (SAOUHAC_00374) is followed by at least one essential gene (SAOUHAC_00375), it could be

misidentified as essential due to the polar effect of CRISPRi.
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Figure S8. Gentamicin MIC and Fitness Measured by Pairwise Competition for S. aureus RN4220 Cells Harboring Single- and Dual-Spacers,

Related to Figures 5 and 7
(A) MICs (triplicates) of gentamicin for S. aureus RN4220 cells harboring single- and dual-spacers.

(B-F) Fitness of S. aureusRN4220 cells harboring single- and dual-spacers in gentamicin (4.0 mg/mL) measured by pairwise competition. Data are represented as

mean ± SD from triplicates. P-value from a two-sample t test (two-tailed) is shown.

(G) Correlation between the Log2FC of crRNAs (either alone or with qoxA) and their fitness measured by pairwise competition in (B-F).

(H) Same as (F) except fitness was measured in gentamicin (1.0 mg/mL).
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Figure S9. 2S Libraries, Related to Figures 6 and 7

(A) CRISPR array of one pre-selected and three post-selected 2S libraries in gentamicin (4.0 mg/mL) were subjected to PCR using non-enrichment primers.

Sample (M1984-M1987) preparation was described in STAR Methods. PCR products with different numbers of spacers were resolved on 2% agarose gel.

(B) Top enriched spacer pairs containing qoxA in 2S libraries were corroborated by ‘‘qoxA-vs-all’’ libraries. After selection in gentamicin (4 mg/mL), the top 26most

enriched spacer pairs containing qoxA in 2S libraries from Figure 6E and their P95-Log2FC values (mean from triplicates). The P95-Log2FCs measured from the

‘‘qoxA-vs-all’’ libraries (mean from triplicates) are also shown. The 23 underlined hits were substantially enriched in both 2S and ‘‘qoxA-vs-all’’ libraries. See also

Tables S1K and S2D.

(C) Top enriched spacer pairs containing ndh in 2S libraries were corroborated by ‘‘ndh-vs-all’’ library. Comparison of the top enriched hits (i.e., spacer pairs)

containing ndh in 2S libraries (triplicates) and ‘‘ndh-vs-all’’ library (single measurement). Horizontal histograms show the distribution of P95-Log2FC (eithermean of

P95-Log2FCs from triplicates or from single measurement, respectively) of genes after gentamicin (4 mg/mL) treatment for both libraries. Venn diagram shows the

top enriched hits identified from both libraries. See also Tables S1L and S2E. Vertical histogram shows the distribution of the number of unique crRNAs targeting

genes in the pre-selected 2S library. These geneswere either identified as top hits in both libraries (red), or in ‘‘ndh-vs-all’’ library alone (purple). Color codesmatch

the Venn diagram. A Mann-Whitney U test could not be performed due to too few data points.

(D) Same as (C) except showing that top enriched spacer pairs containing mvaS in 2S libraries were corroborated by ‘‘mvaS-vs-all’’ library. See also See also

Tables S1M and S2F.

(E) Same as (C) except showing that top enriched spacer pairs containing qoxB in 2S libraries were corroborated by ‘‘qoxA-vs-all’’ libraries. See also Tables S1K

and S2G.

(F) Distribution of the number of unique crRNAs targeting the top 23 underlined hits in (B) in their respective pre-selected libraries. A Mann-Whitney U test was

performed between the two groups and the P-value is shown.

(G) Same as (F) except showing the crRNAs of their respective post-selected libraries.

(H) Spc2/Spc1 ratios of spacer pairs containing qoxB in post-selected 2S libraries inversely correlated with Z-scores of the non-qoxB gene measured in 1 mg/mL

gentamicin at 9 h (P95-Z, gent 1, 9 h), the point at which the second spacer was adapted. Data are represented as mean ± SD from triplicates (Table S2I).

Distribution of P95-Zs is also shown.

(I) Sequencing coverage of Spacer 1 and Spacer 2 of top hits in post-selected 2S libraries containing qoxA. Histogram shows the distribution of the number of

reads corresponding to the non-qoxA spacer at the Spacer 1 position (yellow) and Spacer 2 position (purple) for top hits in post-selected 2S libraries containing

qoxA. The median number of reads for Spacer 1 and Spacer 2 are also shown.

(J, K) Same as (I) except the spacer pairs contained qoxB and qoxC, respectively.



(legend on next page)



Figure S10. Sequence Features Underlie crRNA Efficiency, Related to Figures 1 and S7

(A) Distribution of Log2FC for a S. aureus crRNA library (N = 8,491) generated with Cas9 before and after 10 hours of outgrowth. The probability density function

(PDF) and the cumulative distribution function (CDF) are shown.

(B) Sequence information content for the most inefficient crRNAs (top 10%) against the most efficient (bottom 40%). Shown is the information content per base at

every position starting with the 10 nucleotides upstream of the crRNA target site, the 20-nt complementary target and 10 nucleotides downstream of the target.

Information scores were calculated for the top 10% using the frequencies of nucleotides per base in the bottom 40% as background.

(C) Signed log p values per position of observing a certain base for crRNAs in the top 10% under the null expectation of the most efficient crRNAs (bottom 40%).

P valueswere calculated using the hypergeometric test, log10 p values are signed negative if the frequency of the nucleotide is higher in the top 10%compared to

the null, and positive if the frequency of a given nucleotide is lower in the top 10% compared to the null expectation.

(D) Performance evaluation of a logistic regression model for crRNA efficiency based on sequence features (Doench et al., 2014). The crRNA library was split

three-ways, and a model was trained three times leaving aside a third of the dataset. Each model was tested on the held-out data. Each gray line indicates the

Receiver Operating Characteristic (ROC) curve for each model while the red curve represents the ROC for all models combined.

(E) Performance of crRNA efficiency model. Prediction scores for the 8,491 crRNAs are divided in three groups (bottom 40%, intermediate and top 10%) and the

percentages of the measured Log2FC categories are shown for each of the prediction groups.

(F) Distribution of Log2FC for crRNAs in the bottom 40% of predicted scores (red) versus the top 10% of predicted scores (gray). The probability density function

(PDF) and the cumulative distribution function (CDF) are shown for the two populations.

(G-I) The Cas9 predictive model can classify the efficiency of dCas9 targeting. We further validated the Cas9 efficiency model by testing its power to discriminate

the dCas9 library growth experiment Z-Scores (which contained 1,225CT crRNAs targeting the top 200 depleted genes, Table S3B). Similar to above, shown is an

ROC curve (G), performance evaluation of the model of dCas9 Z-Scores (H) and Z-Score distributions for the top 10% and bottom 40% of predicted scores (I).

(J) Discovery of sequence motifs informative of crRNA efficiency. De novomotif discovery by FIRE (Elemento et al., 2007) within the first 9 nucleotides upstream

the NGG: crRNAs were sorted in seven bins based on their fold enrichment (Log2FC) before and after 10 hours of outgrowth. The crRNA enrichment scores were

split three ways; two thirds were used for motif discovery and cross-validated on the remaining one third. Overrepresentation (yellow) and underrepresentation

(blue) patterns are shown for each discovered motif in the corresponding bin. Reported are each motif’s primary sequence as a regular expression, the mutual

information (M.I.) of between the motif and the fold enrichment as well as Z-scores for the M.I. associated with a randomization-based statistical test. Motifs are

shown as sequence logos for visualization purposes and are not indicative of the information score per base. For details see following studies (Elemento et al.,

2007; Vejnar et al., 2019). The first four motifs model sequence features of inefficient crRNAs while the last two model sequence features of efficient activity.

(K) Distribution of the Log2FC for crRNAs bearing a givenmotif (red) versus the background sequences that do not contain themotif (gray). The probability density

function (PDF) and the cumulative distribution function (CDF) are shown for the two populations. Each row corresponds to one of the de novo discovered motifs.
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