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Abstract

CRISPR-Cas systems can be utilized as programmable-spectrum antimicrobials to combat bacterial infections. However, how CRISPR nucleases
perform as antimicrobials across target sites and strains remains poorly explored. Here, we address this knowledge gap by systematically inter
rogating the use of CRISPR antimicrobials using multidrug-resistant and hypervirulent strains of Klebsiella pneumoniae as models. Comparing
different Cas nucleases, DNA-targeting nucleases outperformed RNA-targeting nucleases based on the tested targets. Focusing on AsCas12a
that exhibited robust targeting across different strains, we found that the elucidated modes of escape varied widely, restraining opportunities
to enhance killing. We also encountered individual guide RNAs yielding different extents of clearance across strains, which were linked to an
interplay between improper gRNA folding and strain-specific DNA repair and survival. To explore features that could improve targeting across
strains, we performed a genome-wide screen in different K. pneumoniae strains that yielded guide design rules and trained an algorithm for pre-
dicting guide efficiency. Finally, we showed that Cas12a antimicrobials can be exploited to eliminate K. pneumoniae when encoded in phagemids
delivered by T7-like phages. Altogether, our results highlight the importance of evaluating antimicrobial activity of CRISPR antimicrobials across
relevant strains and define critical parameters for efficient CRISPR-based targeting.
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Introduction covery pipeline for new antimicrobial agents has slowed down

The discovery and development of antimicrobial agents like
antibiotics reshaped the medical field, allowing treatment for
previously incurable infections and offering aid for surgeries,
chemotherapy and organ transplants (1,2). However, the dis-

for both scientific and economic reasons, while the use and
misuse of these agents has contributed to the rise of an-
tibiotic resistance (2). The rise of antimicrobial resistance is
recognized by the WHO and other global institutions as a

Received: July 14, 2023. Revised: March 24, 2024. Editorial Decision: March 27, 2024. Accepted: April 3,2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://doi.org/10.1093/nar/gkae281
https://orcid.org/0000-0002-7474-4710
https://orcid.org/0000-0001-8505-3600
https://orcid.org/0000-0002-2516-2108
https://orcid.org/0000-0003-4732-2667
https://orcid.org/0000-0003-2169-5270
https://orcid.org/0000-0002-5729-1211
https://orcid.org/0000-0003-0650-9943

6080

major public health threat that calls for novel approaches
(3,4).

Among the bacterial pathogens associated with antibiotic
resistance, the ESKAPE group members Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa and Enter-
obacter spp. are particularly concerning due to their abil-
ity to acquire and horizontally transfer multiple virulence
and resistance genes (5,6). These bacteria are responsible
for the majority of nosocomial infections with high mortal-
ity rates (3). Among these, Enterobacteriaceae that have ac-
quired extended-spectrum (-lactamases and carbapenemases
are considered of high priority (7). Indeed, the increasing oc-
currence of infections by these bacteria and lack of therapeutic
options places an even greater urgency on the development of
novel antimicrobials.

Among novel antimicrobial strategies, CRISPR-Cas systems
have emerged as a promising means to specifically eliminate
bacterial pathogens from a microbial community without af-
fecting the surrounding bacteria (8). This property is advan-
tageous compared to antibiotics, which generally kill multi-
ple bacteria indiscriminately, thus altering the human micro-
biome and favoring the colonization of pathogenic bacteria
(9,10). The programmability of CRISPR-Cas systems further
offers advantages over lytic bacteriophages, which cannot be
readily tailored to the genomic sequence of target bacteria.
The specificity exhibited by CRISPR-Cas systems is granted by
their natural role as adaptive immune systems (11,12). These
systems store pathogen sequences (named spacers) flanked by
palindromic recurrent sequences (named repeats) in a CRISPR
array. Upon infection, the array is processed to generate an ac-
tive guide RNA (gRNA) composed of a truncated spacer and
repeat sequence. The gRNA directs a Cas nuclease to recog-
nize a specific DNA or RNA sequence, thereby inducing an
immune response (13-15).

There is a vast assortment of CRISPR-Cas systems, with
known systems classified into two classes, seven types, and
over 33 subtypes and variants (16). Each class comprises a
multi-protein effector complex (class I) or a single-effector nu-
clease (class II) for immune defense. The type is generally iden-
tified based on the particular effector (e.g. Cas9 for type II
systems), while the subtype captures different supporting cas
genes or different phylogenies of the effector. Some systems act
by targeting DNA (type L, I and most of type V), while oth-
ers target RNA and have collateral activities (type Il and VI),
representing a broad range of activities that can be harnessed
for different applications.

Within the diversity of CRISPR nucleases, the development
of CRISPR antimicrobials has focused on type II Cas9 nucle-
ases that introduce blunt cuts into the DNA, type VI Cas13
nucleases that drive cell dormancy through collateral RNA
degradation and the type I multi-subunit complex Cascade
that recruits Cas3 to nick and degrade a single DNA strand
(10,17-23). Such nucleases have been used to either cure
antibiotic-resistance plasmids or selectively kill cells by target-
ing chromosomal DNA or cellular RNA. In most studies, only
one specific bacterial strain and one nuclease have been tested,
with little guidance on which nuclease to select or how to de-
sign effective gRNAs. Delivery also remains a major challenge,
with nuclease and gRNA delivery achieved mainly with tem-
perate or lytic phages, conjugative plasmids or polymer-based
and lipid nanoparticles (17,22,24-28). Phages have been the
most widely utilized to-date, and the range of bacteria they can
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infect has been expanded through engineering of the tail fiber
proteins to increase their efficiency across several strains (29—
31). These advances set the stage to explore how to effectively
develop and implement CRISPR antimicrobials, particularly
in clinically-relevant pathogens in which new antimicrobial
agents are needed.

We aimed to take this next step using clinically-relevant
strains of Klebsiella pneumoniae (Kp) as case studies. Af-
ter comparing the activity of different nucleases in one Kp
strain, we selected AsCas12a as one of the best antimicro-
bials. We then characterized how Kp escapes genome target-
ing, finding that mutational frequencies depend on the nu-
clease, gRNA or target and vary with the selected targeted
chromosomal site. We next found that gRNAs could be-
have differently across multidrug-resistance (MDR) or hyper-
virulent (HV) Kp strains, which we linked to gRNA fold-
ing and double-stranded (ds)DNA repair. By combining a
high-throughput screen with machine learning, we elucidated
gRNA design rules specific for antimicrobial function in Kp
and developed an algorithm that accurately predicts guide ac-
tivity. Finally, by packaging CRISPR-encoding phagemids into
replication-deficient phages having Kp-infecting tail fibers, we
demonstrate that the CRISPR-Cas system can be delivered ef-
ficiently and exert its antimicrobial function. These findings
lay the groundwork for the development of robust CRISPR
antimicrobials across targeted strains.

Materials and methods

Strains

The Kp strains used in this study are Kp10031 (ATCC
10031), KPPR1 (ATCC 43816), CIP 52.145 (32), SB5442
and SB5961 (33), and NTUH-K2044 (34). Additionally, the
Kp10031ArecA and SB5442 ArecA strains were generated by
lambda-Red recombineering (35). The recombineering proto-
col was adjusted by using the pKD46-hygR + flp plasmid to
excise the kanR gene from the genome instead of the tradi-
tional pCP20 plasmid. The donor E. coli strain used in the
library screen is E. coli MFDpir (36). Other strain informa-
tion is reported in Supplementary Table S6. Cells were grown
in LB medium at 37°C shaking at 220 rpm. The phage strain
used in this study is T7A(11-12-17) (30), which is produced
inan E. coli BW25113 strain encoding tail fibers on a plasmid.

Plasmids

Spacers were inserted into the gRNA backbone by diges-
tion with BsmBI and ligation with Instant Sticky-end Ligase
Master Mix (NEB, M0370S). The nuclease and the gRNA
plasmid were modified with Q5 mutagenesis or Gibson as-
sembly. Plasmids and oligos used in this study are listed in
Supplementary Table S6.

Transformation-based targeting assays

Three biological replicates have been used for each targeting
assay. Single colonies containing the nuclease plasmid were
inoculated overnight in LB medium (10 g of tryptone, 5 g of
yeast extract, and 10 g of NaCl in 1 1 of dH,O) with chloram-
phenicol (Cm, 34 pg/ml) or hygromycin (Hyg, 100 pg/ml).
The next day the samples were normalized based on their
ODgg0, back-diluted 1:50 in fresh LB with Cm/Hyg and 0.7
mM EDTA (pH 8) and grown to an ODgo of ~0.4. Cultures
were placed on ice for at least 10 min before making them
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electrocompetent by pelleting and washing them twice with
10% glycerol. Then, 50 ng of the crRNA plasmids (having
a kanR marker) were transformed into 40 ul of competent
cells using the E. coli 1 program on the Gene Pulser Xcell
Electroporator (Bio-rad). After 1 h of recovery in 500 ul of
SOC medium (SOB medium: 20 g of Tryptone, 5 g of Yeast
Extract, 0.5 g of NaCl, 800 ml of dH,0O, and 10 ml of 250
mM KCl adjusted to pH 7. To SOB medium add 5 ml of 2 M
MgCl, and 20 ml of 1 M glucose), 5-fold dilutions of the cul-
tures in 1x PBS (10x PBS: 80 g of NaCl, 2 g of KCI, 17.7
g of Na,HPO4-2H, 0, 2.72 g of KH,POy, fill up to 1 | with
mqH, O, set pH to 7.4 and autoclave) were prepared, and 5-ul
spot dilutions were plated on Cm/Hyg and kanamycin (Kan,
50 pg/ml) LB plates (prepared by mixing 1 | of LB medium
with 18 g of Agar) and incubated at 37°C for 16-18 h. The
colony number was counted and multiplied by the dilution
row to get the number of transformants. The negative con-
trol was either a plasmid lacking a spacer or having a non-
targeting spacer forming a hairpin.

Flow cytometry analysis

Cells expressing the nuclease and an empty gRNA plasmid
were inoculated overnight in a selective LB medium and
grown overnight at 37°C under shaking at 220 rpm. The cul-
tures were normalized the next day after measuring the ODgqo,
diluted to ODgpp = 0.05, and grown until ODggo ~ 0.6, after
which 20 ul have been added to 180 ul of 1x PBS. A gate has
been created on living cells and the mean fluorescence (FL1-
H, 30 000 events) has been measured at the Novocyte flow
cytometer (Agilent technologies). Three biological replicates
have been used for each condition and GFP-positive colonies
have been normalized with the correspondent cells not ex-
pressing GFP.

RT-gPCR

Three biological replicates of cells expressing the gRNA plas-
mid have been grown overnight at 37°C at 220 rpm. Af-
ter measuring the ODgqo, the cells were normalized to reach
the same concentration and back-diluted to ODggy 0.05, af-
ter which they were grown until ODgg ~ 0.4, placed on ice
for 10 min, and pelleted by centrifugation at 3500 x g for
10 min. The cells have been snap-frozen in liquid nitrogen
and placed at —80°C. The following day, total RNA was ex-
tracted using the Direct-zol RNA Miniprep Plus kit (Zymo
Research, R2072), and DNase-treated with the Turbo DNA-
free kit (Thermo Fisher Scientific, AM1907). Isolated RNAs
(25 ng) have been used to run an RT-qPCR reaction (iTaq
Universal SYBR Green One-Step Kit, Bio-Rad, 1725150). Two
technical replicates have been used for each sample and recA
and rho have been used as reference genes using already es-
tablished primers (37). The primers used in the RT-qPCR re-
actions can be found in Supplementary Table S6.

Library design and cloning

The library was designed to target a non-redundant collec-
tion of complete genomes of K. pneumoniae (38), by randomly
choosing targets with a proper TTTV PAM shared by all the
genomes in the collection. Guides matching at least 15 bp with
the E. coli MG1655 genome were removed. An oligo pool
(Twist Bioscience) containing 12 000 members (11 900 tar-
gets and 100 non-targeting guides) was constructed by Golden
Gate cloning and transformed into E. coli MG1655. At least
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10° clones were recovered (~100x coverage), pooled in 10
ml LB with Kan, and stored as 1 ml aliquots in DMSO 10%
at —80°C. The plasmid library was then extracted from 1 ml
of pooled colonies using a miniprep kit (Macherey-Nagel)
and electroporated into E. coli MFDpir. The transformed cells
were then plated in LB with Kan and diaminopimelic acid
(DAP) 0.3 uM, and incubated at 37°C obtaining at least 10°
clones (~100x coverage). Subsequently, the colonies were
pooled in 10 ml LB with Kan and stored as 1 ml aliquots
in DMSO 10% at —80°C. The plasmids used in the library
screen can be found in Supplementary Table Sé.

Guide library screen

The plasmid library was delivered by conjugation to three
K. pneumoniae receptor strains (NTUH-K2044, KPPR1 and
SB5442). Briefly, 10% donor cells were used to inoculate 50
ml of LB with Kan and DAP 0.3 uM, and cultivated at
37°C and 190 rpm until they reached the late-exponential
phase (ODggp =~ 1). Receptor cells were diluted 100X from
an overnight culture and grown in LB until late exponential
phase (ODggo ~ 1), and 1:1 volume ratio of donor and recep-
tor were mixed. For each sample, enough conjugations were
performed to achieve at least 100x coverage of the library.
The cells were plated and collected after 4 h of incubation
at 37°C in LB agar with Kan, then pooled in 10 ml LB and
stored as 1 ml aliquots in DMSO 10% at —80°C. To perform
the assay, 1 ml of cells from —80°C was inoculated in 100
ml LB with Kan and grown to an ODggp of ~0.2 at 37°C.
Then, 1 uM of anhydrotetracycline (aTc) was added and cells
were recovered at time zero, after 3 and 16 h. Finally, plasmids
were extracted from 10 ml of these cultures and the donor
strain culture (collected before conjugation) using a miniprep

kit (Qiagen).

Guide library next-generation sequencing

To measure the relative abundance of guide RNAs in each
sample, the samples were prepared for next-generation se-
quencing. Briefly, two nested PCR reactions were performed
using Phusion High Fidelity Polymerase (Thermo Fisher Scien-
tific). The first PCR was run for 25 cycles (10 ng plasmid DNA,
98°C for 10 s denaturation, 60°C for 30 s annealing, 72°C
for 15 s extension), while in the second PCR the sample (5 pl)
was amplified for 8 cycles under the same settings. The used
primers are described in Supplementary Table S6. The first set
amplified the sgRNA region adding a variable region to in-
crease nucleotide diversity for optimal clustering. The second
PCR added the indexes and flow cells’ attachment sequences.
The PCR primers are listed in Supplementary Table S6. After
each PCR reaction, the samples were cleaned using AMPure
beads (Beckman Coulter, A63881). Sequencing was then per-
formed with Illumina sequencing primers using a NextSeq 500
benchtop sequencer.

Library screen analysis and machine learning

For analysis of the genome-wide screen, we considered the
reads carrying a guide with a perfect match to a guide of the
library. At 0 h, 11 722-11 742 guides (~97%) were detected.
After filtering guides for at least one count per million reads in
at least two samples, the library sizes were normalized using
the read counts for 86 remaining non-targeting guides with
the trimmed mean of M-values (TMM) method in edgeR (ver-
sion 3.38.1) (39,40). Differential abundance of 11 042 gRNAs
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between different time points (3 h-0 h and ON (overnight)-0
h) was assessed using the edgeR quasi-likelihood F test after
fitting a generalized linear model.

The machine learning regression model was developed
as previously described (41) with 738 features as pre-
dictors and the logFC values between ON and 0 h of
gRNAs from the genome-wide screens in individual or
both strains as targets using auto-sklearn version 0.14.6
(42) with all possible estimators included, all feature pre-
processors excluded and parameters ‘ensemble_size’: 1,
‘resampling_strategy’: ‘cv’, ‘resampling_strategy_arguments’:
{folds’: 10}, ‘per_run_time_limit’: 360 for individual dataset
and 1000 for mixed datasets, and ‘time_left_for_this_task’:
3600 for individual dataset and 10 000 for mixed datasets.
Features included dataset, gRNA GC content, three thermo-
dynamic features (delta G of the hybridization of repeat-
gRNA and target DNA, delta G of the homodimer of repeat-
gRNA, and delta G of the monomer of repeat-gRNA), the
number of consecutive nucleotides, the 732 one-hot-encoded
single-nucleotide and dinucleotide features. Thermodynamic
features were computed using the ViennaRNA Package (43):
RNAduplex (version 2.4.14) for RNA:RNA hybrids; RNAdu-
plex (version 2.1.9h) for DNA:RNA hybrids (44); RNAfold
(version 2.4.14) for single RNA folding. 732 sequence features
included the variable 4th position of the PAM, the 26 positions
of the gRNA, and dinucleotide features from 5 nts upstream
of the PAM to 5 nts downstream of the gRNA. When the data
from only one screen were used to train, the dataset feature
was removed. The optimal histogram-based gradient boost-
ing model was evaluated using 10-fold cross-validation based
on unique gRNA sequences and interpreted using TreeSHAP
version 0.39.0 (45).

Production and testing of T7 transducing particles
with different tail fibers

T7 transducing particles with different tail proteins were pre-
pared as previously described (30). Briefly, ON culture of E.
coli BW25113, harboring a plasmid encoding a T7 packag-
ing signal and tail proteins were diluted 1:30 in LB supple-
mented with appropriate antibiotics and aerated at 37°C for
an additional hour. The culture was then infected by ~5 x 108
PFU of T7A(11-12-17) and aerated for ~2 h at 37°C un-
til lysis occurred. For the transduction assay, recipient cells
in their exponential growth phase were mixed in a 1:1 ratio
(v/v) with serial dilutions of the described T7 lysates. Cultures
were incubated for 60 min at 37°C with shaking and plated on
an LB-agar plate containing an appropriate antibiotic. Plates
were incubated overnight at 37°C. The next day, colonies were
counted, multiplied by 10% dilution factor, and normalized
with the transductants numbers obtained in the indicated ref-
erence strain E. coli BW25113AtrxA to obtain TFU/ml. E.
coli BW25113 AtrxA lacks the host gene trxA that contributes
to the T7 DNA polymerase (46), preventing lysis by WT T7
particles generated along with phagemid-harboring particles.
The strain was used to normalize the number of transducing
particles applied to each Kp strain as performed previously

(30).

Targeting bacterial strains using CRISPR-harboring
T7 particles

T7 lysates were prepared as described above except for the
E. coli BW25113 which harbored two plasmids: (i) targeting
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plasmid with a T7 packaging signal, AsCpf1 Cas gene, and a
guide RNA encoding sequence. (ii) tail-encoding plasmid with
phiSG-JL2 tail genes, lacking a packaging signal. Transduction
assays were also performed as described, using the T7 parti-
cle lysates with phiSG-]JL2 tail carrying the targeting plasmid.
TFU/ml was calculated relative to 10® transductants obtained
for the non-targeting guide.

Data analysis and image visualization

The R and Python programming languages were used for ana-
lyzing the library screen data, while Microsoft Excel was used
for the remaining data. GraphPad Prism was used to produce
the scatter plots and pie charts. The graphs were then refor-
matted in Adobe Illustrator to generate the final figures with
consistent sizing and formatting.

Results

Cas12a exhibits efficient antimicrobial activity in
Klebsiella pneumoniae but yields variable escape
mechanisms

CRISPR-based antimicrobial activity relies on efficient cleav-
age of a target sequence located on the chromosome or on
another essential replicon, or widespread collateral nucleic-
acid degradation. In order to determine which Cas single-
effector nucleases can maximize antimicrobial activity in Kp,
we tested six distinct nucleases of varying types: the type II-
A nuclease Cas9 from Streptococcus pyogenes (SpCas9), the
type V-A nuclease Cas12a from Acidaminococcus species (As-
Cas12a) and from Francisella novicida (FnCas12a), the type
V-A variant nuclease Cas12a2 from Sulfuricurvum sp. PCO8-
66 (SuCas12a2) and from a microbial community of Micro-
cerotermes parvus (MpCasl12a2) and the type VI-A nucle-
ase from Leptotrichia shabii (LshCas13a). SpCas9 recognizes
NGG PAM sequences and generates blunt dsDNA cuts, while
AsCasl12a and FnCasl2a recognize T-rich PAM sequences
and generate staggered dsDNA cuts (47-50). Target recogni-
tion by Cas12a nucleases elicits non-specific single-stranded
DNA (ssDNA) cleavage, although this activity has not been
associated with immune defense (51). In contrast, Cas12a2
and Cas13a target RNA flanked by a protospacer-flanking se-
quence (PFS), where target recognition elicits collateral cleav-
age activity against RNA, ssDNA, and dsDNA or just RNA,
respectively, that leads to cell dormancy (52-55).

To assess the antimicrobial activity of each nuclease, the Kp
strain ATCC 10031 (herein called Kp10031) was first trans-
formed with a plasmid constitutively expressing the nuclease.
The cells were then transformed with a plasmid encoding a
gRNA targeting the bacterial genome or genomically-encoded
transcript, and the number of antibiotic-resistant colonies was
quantified (Figure 1A). Target sites were selected following
PAM/PES selection and guide length unique to each nucle-
ase, which lent to non-overlapping and sometimes distant sites
within a given gene. For SpCas9, the gRNA was expressed as a
single-guide RNA (sgRNA) (47). As part of these experiments,
SpCas9 and AsCasl12a displayed strong antimicrobial activ-
ity, with a respective ~103-10*-fold and ~10*-10°-fold re-
duction in transformants compared to a non-targeting gRNA
control (Figure 1B). In contrast, Cas13a exhibited negligible
antimicrobial activity for all targets, possibly due to insuffi-
cient nuclease or target expression as we reported previously
(56). Finally, SuCas12a2 and MpCas12a2 exhibited a strong
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Figure 1. DNA-targeting nucleases outperform RNA-targeting nucleases as CRISPR antimicrobials for the selected targets, with AsCas12a exhibiting
high antimicrobial activity against K. pneumoniae that drives infrequent but variable escape. (A) Experimental setup for the transformation-based
targeting assay. (B) Drop in transformants following genome targeting with different Cas single-effector nucleases. Each dot represents a biological
replicate obtained by preparing electrocompetent cells from a separate colony. ftsZ and rpoE: essential genes. rdgC and lacZ: non-essential genes. The
dashed lines represent the limit-of-detection for colony numbers. The bars represent average values and are absent for samples in which at least one
replicate had no colonies. (C) Flowchart of procedure to identify escape mutants. The mutations were screened following the indicated order until an
escape mutation was identified. (D) Pie chart of the modes of escape from targeting for the different gRNAs. n indicates the number of screened
colonies per condition.
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reduction in colony numbers for the two essential gene tar-
gets (>10%-fold and >103-fold, respectively) but a negligible
reduction for the two non-essential gene targets. Nucleases ex-
hibiting strong reductions could not be further distinguished
due to the limit-of-detection of the experimental setup. Ulti-
mately, AsCas12a was selected for further use, as it has been
widely characterized and employed for CRISPR technologies,
and it yielded the strongest antimicrobial activity in Kp for
both essential and non-essential gene targets. These findings
demonstrate that CRISPR-Cas antimicrobials can be success-
fully applied to Kp10031, albeit with variable efficiencies de-
pending on the adopted Cas nuclease and target.

While AsCas12a exhibited a consistently strong reduction
in colony counts across the tested genomic targets, we still ob-
served surviving colonies that presumably circumvented lethal
attack by this nuclease. Such escape has been noted for other
CRISPR antimicrobials and is normally attributed to muta-
tions in the target region, the CRISPR nuclease, or the gRNA
(8,17,19,22,57). To explore the modes of escape for AsCas12a
in Kp, we picked colonies following the targeting of the same
two non-essential genes (lacZ, rdgC) and two essential genes
(rpoE, ftsZ) of the previous experiment. We then screened
for escape mutations starting with the gRNA followed by the
target and then the nuclease (Figure 1C). The screening was
halted as soon as a disruptive mutation was detected.

The modes of escape varied with the employed gRNA and
target (Figure 1D and Supplementary Figure S1A). For the es-
sential targets, escape was dominated by mutations that in-
activate the gRNA, including mutations in the repeat or the
first nucleotide of the guide for the f#sZ target, and mutations
within the repeat or deletion of the entire gRNA for the rpoE
target (Supplementary Figure S1A). The rdgC and ftsZ tar-
gets also yielded escape through disruption of the Ascasi2a
gene via premature stop codons, small deletions, or insertion
of endogenous transposable elements, paralleling prior studies
(8,22) (Supplementary Table S1). For the non-essential lacZ
target, escape was dominated by deletions that removed the
target, including deletions exceeding 20 kb. For the other non-
essential 7dgC target, the escape mutants fell into all three cat-
egories. Finally, some of the colonies did not grow when inoc-
ulated into a liquid culture, possibly due to delayed killing or
the presence of mutations that prevent further growth in liquid
culture with antibiotic selection. Altogether, escape mutants
follow different mechanisms in a target-dependent manner
and may be difficult to completely avoid. However, Cas12a
displayed strong antimicrobial activity in Kp, with mutational
escape occurring at a low frequency (<0.01%) in our experi-
mental setup. Furthermore, prior work did not observe escape
mutants when testing phage-delivered CRISPR antimicrobials
(17,74), even though such mutants were observed as part of
plasmid transformation. Therefore, the escape observed when
testing individual gRNAs via plasmid transformation may not
be a major practical concern for downstream applications of
CRISPR antimicrobials.

Guides can yield strain-dependent antimicrobial
activity

Studies on CRISPR antimicrobials commonly investigate the
targeting activity of antimicrobials on single bacterial strains
and show a lack of targeting for the surrounding strains
(17,19,21,57). However, a pathogenic species typically com-
prises numerous strains, which could not only differ in an-

Nucleic Acids Research, 2024, Vol. 52, No. 10

tibiotic resistance or virulence but also possess genotypic and
phenotypic differences that impact CRISPR antimicrobial ac-
tivity. To begin exploring this possibility, we asked how the
same AsCas12a gRNAs function in different MDR (SB5442
and ATCC 43816) and HV (SB5961 and CIP 52.145) Kleb-
siella strains.

After establishing selection with hygromycin and confirm-
ing homology of the four tested gRNAs to each respective tar-
get, we applied the same transformation-based targeting as-
say to characterize each gRNA’s antimicrobial activity. Sur-
prisingly, the f#sZ and rdgC guides behaved differently across
strains, displaying comparable activity to Kp10031 (~10°-
fold reduction) in CIP 52.145, poor activity (<10-fold re-
duction) in SB5442 and ATCC 43816 and variable activity
(~10°-fold reduction for ftsZ and < 10-fold reduction for
rdgC) in SB5961 (Figure 2A). The strain-specific impact of
these gRNAs could not be explained by nuclease expression
as measured by flow cytometry analysis of a transcriptional re-
porter, since the expression did not correlate with the observed
transformation fold-reductions (Supplementary Figure S2A).
Likewise, the strain-specific impact could not be explained
by gRNA expression as measured by RT-qPCR, since the
transformation fold-reduction was higher in Kp10031 than
in other strains with equal or greater gRNA expression (i.e.
SB5442,SB5961 and KPPR1) (Figure 2A and Supplementary
Figure S2B).

Another possibility is that variable survival could be linked
to how well the cells repair dsDNA cleavage by AsCasl12a
via homology-directed repair (HDR) (57,58). Such a repair
mechanism is mediated by the RecA protein, so disrupt-
ing the encoding recA gene and applying CRISPR target-
ing should be cytotoxic. Therefore, we knocked out recA in
Kp10031 as well as in the MDR strain SB5442 in which the
ftsZ and rdgC guides had yielded negligible fold-reduction.
Performing the transformation-based targeting assay in the
SB5442 ArecA strain, we observed restored targeting activity
for all the guides, with ~10*-fold reduction in colony num-
bers (Figure 2B). We also observed > 10%-fold reduction for
strain Kp10031 ArecA. The colony number decreased also
for the non-targeting control, indicating reduced fitness of this
deletion mutant in general. Thus, we inferred that the guides
are active in the different Kp strains, although some guides
yield variable antimicrobial activity that is RecA-dependent.

While exploring different potential explanations for the
strain-specific activity, we noticed hairpins within the rdgC-
and fisZ-targeting gRNAs, with the rdgC guide forming an
internal hairpin and the ftsZ guide pairing with the repeat
(Figure 2C). We hypothesized that the hairpins were hinder-
ing different steps leading up to DNA cleavage, such as gRNA
binding or processing by AsCas12a (59,60). Strain-specific dif-
ferences, such as the ability to recognize and repair the result-
ing dsDNA breaks, could then account for the differential an-
timicrobial activity of these attenuated gRNAs.

To initially test this hypothesis, we encoded the two guides
with a processed repeat, where the processed version removes
the hairpin predicted in the ftsZ gRNA but not the one pre-
dicted in the rdgC gRNA. We then repeated the transfor-
mation assay in Kp10031 and the wild-type and SB5442
ArecA strains (Figure 2C). The processed ftsZ-targeting
gRNA yielded strong antimicrobial activity (~10*-10°-fold
transformation reduction) in all three strains, in line with the
folded secondary structure inhibiting gRNA processing and
consequently targeting activity. As expected, the processed
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Figure 2. AsCas12a guides can exhibit variable behavior across strains that can be countered by blocking the homologous recombination pathway or
opening the predicted secondary structure. (A) Transformation-based targeting assay in different Klebsiella pneumoniae strains with the same

four guides used for K. pneumoniae ATCC 10031. (B) Targeting assay in two Klebsiella strains with the recA gene deleted. (C) Folding predictions

and targeting assay with gRNAs with processed repeats against the rdgC and ftsZ genes. (D) Folding predictions and targeting assay with gRNA

guides with open secondary structure and against the rdgC and ftsZ genes. (E) Targeting assay with two Klebsiella strains expressing the dominant
negative inhibitor of the RecA protein (RecAb56). In all the experiments, the dashed lines represent the limit of detection of colony numbers. *: The
sample yielded a lawn that was uncountable. ftsZ and rpoE: essential genes. rdgC and lacZ: non-essential genes. Each dot represents a biological
replicate obtained by preparing electrocompetent cells from a separate colony. The bars represent average values and are absent for samples in which at

least one replicate had no colonies.

rdgC-targeting gRNA exhibited the same trend as the un-
processed gRNA given the persistence of the predicted in-
ternal hairpin (Figure 2C). Building on this finding, we de-
signed guides directed to the same two genes but with pre-
dicted lower folding free energies that should adopt a struc-
ture less prone to internal hairpin formation (Figure 2D). As
part of the transformation assay, both gRNAs promoted ro-
bust antimicrobial activity in both strains (>10° and >10*-
fold decrease in colony counts in Kp10031 and SB5442, re-
spectively). These results suggest that poor gRNA folding can
reduce targeting activity, which can lead to strain-dependent

survival based on variable capacities to repair and survive ds-
DNA breaks.

As antimicrobial activity depends both on targeting effi-
ciency and DNA break repair, we explored ways to block re-
pair without altering the targeted bacterial genome. Follow-
ing prior efforts to inhibit RecA-mediated repair (57), we ex-
pressed a dominant-negative inhibitor of RecA, RecAS56, that
blocks HDR by competing with the binding of the RecA pro-
tein to ssDNA (61). Expressing RecAS56 as part of the target-
ing assay decreased colony counts for all tested targeting gR-
NAs, but also to a lesser extent for the non-targeting gRNA
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(Figure 2E). The reduction for the non-targeting gRNA was
more evident for Kp10031 and mirrored the toxicity observed
when knocking out recA (Figure 2B). We alternatively tried
to express the Gam protein from Mu phage known to hin-
der HDR (57). However, its constitutive expression proved
cytotoxic since we could not obtain viable colonies. We de-
duce that altering the HDR pathway can help boost antimi-
crobial activity but has repercussions on cell growth. Future
work could focus on transiently expressing the RecA inhibitor
to enhance the potency of CRISPR antimicrobials without
severely impacting the viability of non-target cells. Altogether,
these findings indicate that gRNAs can yield different out-
comes in highly similar strains, although these differences can
be overcome through proper gRNA design or inhibiting ds-
DNA break repair.

A guide library screen provides design rules for
efficient antimicrobial activity

Given the relevance of guide design for consistent antimicro-
bial activity across strains, we next evaluated gRNA features
associated with efficient clearance of Kp. Genome-wide guide
screens have proven incredibly informative and formed the
basis of design tools (62—-64). However, they remain to be ex-
plored for CRISPR antimicrobial design, particularly across
multiple strains.

To apply such a screen, we first designed 11900 guides
with sequences matching the coding and non-coding chro-
mosomal regions of two hypervirulent Kp strains (NTUH-
K2044,KPPR1) and the MDR strain SB5442. Next, we trans-
formed these three strains with a conjugative plasmid en-
coding the constitutively expressed gRNA library and in-
ducibly expressed AsCas12a (Figure 3A). We induced nucle-
ase expression for three hours or overnight and examined
the extent of guide depletion as compared to non-targeting
control guides within the library at each time point. We
measured only minor changes in relative guide abundance
across the library after three hours of induction and stronger
guide depletion after overnight induction (—2.4, —3.3 and
—1.2 logFC for KPPR1, NTUH-K2044 and SB5442 respec-
tively). Therefore, we compared overnight induction to be-
fore induction for further analysis (Figure 3B, C). Strain
SB5442 exhibited wider variability in the logFC of non-
targeting guides as well as apparent enrichment of many tar-
geting guides (Figure 3B, C, Supplementary Figure S3A) that
could confound subsequent analyses, so we decided to fo-
cus only on the results from the KPPR1 and NTUH-K2044
strains.

For the most depleted guides, targets were present in in-
tergenic regions as well as in genes representing a broad
range of classes, suggesting that the entire genome is avail-
able for designing guides as antimicrobials. To validate the
screen, we tested five randomly selected gRNAs constructs
from the library in several Kp strains (Figure 3D). The fold-
reduction values of the tested gRNAs correlated with their
depletion values in the screen (R? = 0.763 for KPPR1 and
R? = 0.836 for NTUH-K2044) (Supplementary Table S2),
supporting the validity of the screening results. We did observe
generally large variability in the measured fold-reductions as
part of our validation experiments, which we attribute to
general variability between independent replicates when per-
forming conjugation. The fold differences were higher in the
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screen than when testing individual gRNAs (Supplementary
Table S2), which could be due to how the infrequent oc-
currence of escape mutants impacts either experimental
setup.

We next applied machine learning to extract rules for
guide design (41) (Figure 3E). We examined 738 features
related to the predicted secondary structure, the sequence,
or the dataset used (Supplementary Table S3). We found
that the algorithm trained on both strains was more predic-
tive than the one trained on single strains; for instance, the
Spearman correlation coefficient (R) of the algorithm trained
with KPPR1 and tested with KPPR1 is 0.589, whereas when
trained on both strains and tested with KPPR1 R is 0.605.
(Supplementary Figure S3B). The single-strain and mixed
models yielded the strongest features determining guide deple-
tion as determined by SHAP values (Figure 3F, Supplementary
Figure S3C,D). The mixed algorithm’s strongest features
were the lower free energy of the gRNA secondary struc-
ture and the disfavoring of a cytosine before the PAM se-
quence (Figure 3F, Supplementary Figure S3D). These re-
sults corroborated the importance of gRNA folding and sug-
gested a DTTTV PAM preference (D = A/G/T,V=A/C/G)
in Kp for AsCas12a, which is normally associated with a
TTTV motif (49,50,65). Furthermore, the presence of a G
in the —1 PAM position and a T as the first nucleotide
of the guide was disfavored together with other sequence
features.

The identity of the specific strain also appeared as a rel-
evant feature, strengthening the idea that the genetic back-
ground can influence the outcome of genomic targeting. How-
ever, when comparing guide depletion for the same guides in
strains KPPR1 and NTUH-K2044, we do observe a strong
correlation (Pearson correlation coefficient: R = 0.705), with
only 0.9% of the guides having a significant differential activ-
ity between the strains (Figure 3G, Supplementary Table S4).
There were no obvious features shared by these guides. Sim-
ilarly, when we were validating the library experiment, we
observed a similar behavior across strains for all the gR-
NAs (Figure 3D). While the results would suggest that dif-
ferences in guide activity between strains is rare, more test-
ing is needed to draw broader conclusions about the fre-
quency in which CRISPR antimicrobial activities are strain-
specific.

After training the machine-learning algorithm with the two
strain datasets, we explored its use for guide design. First,
we input previously tested guides (Figures 1B, 2A, D) into
the algorithm (Supplementary Table S5). Guides that were
active across strains (lacZ, rpoE, ftsZ2, rdgC2) had a pre-
dicted logFC < —3, while guides with variable activity (ftsZ,
rdgC) had a predicted logFC > —3. Therefore, the logFC <
—3 value was set as a threshold to distinguish efficient guides
from average or poor guides for our experimental setup.
Next, we designed six guide sequences not within the library
with either high or low activity according to the algorithm
(Supplementary Table S5) and tested them in the KPPR1 and
in SB5442 strains. Guide activity predictions were accurate
for both strains, with guides having a predicted logFC < —3
yielding a 103-10*-fold reduction in transformants and less
efficient gRNAs yielding a <10-fold decrease (Figure 3H). In
conclusion, we generated a predictive algorithm for guide de-
sign that yields efficient antimicrobial activity (>99.9% elim-
ination) across Kp strains.
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Figure 3. A library screen confirms differential depletion for some AsCas12a guides across strains and sets guide design rules for efficient antimicrobial
activity. (A) Schematic of the library screen setup. (B) Depletion of guides following nuclease induction for 3 h or overnight. (C) Box plots of the guide
depletion distribution before and after aTc nuclease induction for the targeting and NT guides. MFDpir: E. coli donor strain. KPPR1, SB5442 and
NTUH-K2044 (indicated as NTUH): different Kp strains. Ty, Tan, Ton: time 0, 3 h, overnight after induction. (D) Library verification with five different
gRNAs. After transforming the library into E. coli, five colonies were randomly selected, transformed into different Kp strains and induced to determine
the reduction in colony numbers. Subsequently, they were sequenced to determine the expressed gRNA sequence and are reported in the initial
assigned order. KP1_0269 indicates a gene encoding a putative protein, while xseA-guaB and yebK-KP1_3497 are placed in intergenic regions. The
gRNA sequences can be found in Supplementary Table S1. *: small colonies on plates. (E) Depiction of the method used for developing the machine
learning algorithm. (F) Contribution of different features to guide depletion from the library using the mixed dataset for training the algorithm. The left
barplot depicts the absolute weight of each feature to the depletion values, while the right beeswarm plot shows how each datapoint impacts depletion
according to each feature. The PAM nucleotides are counted from 3’ to 5’ starting from the —1 position before the gRNA sequence. (G) Correlation
between guide depletion in the KPPR1 and NTUH-K2044 strains. (H) Validation of algorithm prediction of high and low-efficiency guides in KPPR1 and
SB5442. The dashed line represents the limit of detection of the assay. Each dot represents a biological replicate obtained by preparing
electrocompetent cells from a separate colony.
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CRISPR-Cas12a packaged into phages with
modified tails fibers function as antimicrobials
against Kp

Following the development and validation of guide design
against Kp, we next turned to delivery. We selected bacte-
riophages as a delivery method for AsCas12a and a designed
gRNA, as they have been widely adopted for the delivery of
antimicrobial phagemids and because they can naturally in-
fect specific bacteria (66). In particular, we used T7 particles
with modified tail fibers following an established technique
to broaden the host range (30). Briefly, T7 phage lacking tail
fiber genes was used to infect an E. coli strain carrying a plas-
mid encoding the alternative tail fibers, an antibiotic resistance
gene and a packaging signal to produce transducing particles
(Supplementary Figure S4A). The newly produced particles
transduced the plasmid into a bacterial host and conferred
antibiotic resistance, but only when the tail was compatible
with the host receptors. We tested a collection of 26 T7-like
bacteriophage tails (67) and evaluated their plasmid transduc-
tion efficiency to Kp strains (Supplementary Figure S4B, C).
All tested tail fiber proteins supported plasmid transduction
into an E. coli K-12 strain, whereas 11 supported transduc-
tion into the pathogenic E. coli strain MG5034. Among all
the tail fibers though, only the previously characterized tail
phiSG-JL2 (30) successfully delivered a plasmid to K. preu-
moniae (Supplementary Figure S4C). In this case, measurable
delivery was achieved for four of the six tested K. prneumoniae
strains.

We then generated an all-in-one phagemid encoding both
the AsCas12a nuclease and gRNA along with the phage pack-
aging signal for phage-based delivery (Supplementary Figure
S4D). We initially performed a transformation-based target-
ing assay to test its antimicrobial activity (Supplementary
Figure S4E). The tested guides against ftsZ2, lacZ and lolD
were selected either for their high activity in the library screen
or because they were efficient in previous experiments (Figures
1B, 2A, D). The guides were selected to not match the E. coli
genome to allow the production of the plasmid in this bac-
terium. While the lacZ-targeting gRNA did not yield a mea-
surable reduction in transformation, the fzsZ and lo/D gRNAs
led respectively to a ~103-10* and ~102-fold drop in trans-
formants and thus were used to test delivery (Supplementary
Figure S4E). The lack of reduced colony counts when target-
ing lacZ could be linked to changes in the gRNA expression
in the new plasmid setup.

We produced T7,his.ji2 phage particles carrying the tested
CRISPR plasmids by transducing the genome of phages
lacking tail-fiber genes in an E. coli strain expressing the
tail fiber phiSG-JL2 and the validated CRISPR phagemid
(Supplementary Figure S4D). We infected the three K. pneu-
moniae strains exhibiting high (>10°) transduction efficiency
(Supplementary Figure S4C) with these phages, and we ob-
served a >102-fold reduction in transduction efficiency when
selecting for transductants (Supplementary Figure S4F). One
exception was the lo/D-targeting gRNA in the SB5442 strain
that exhibited highly variable transduction, which we at-
tribute to intermediate targeting activity in this strain at the
threshold of cell killing. In contrast, no reduction was ob-
served for the pathogenic E. coli strain, which lacks the target
site. Thus, AsCas12a and a gRNA can be delivered to different
K. pneumoniae strains and actuate its antimicrobial function
without undesired targeting of other bacteria.
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Discussion

Through this study, we demonstrated that the effectiveness of
CRISPR antimicrobials depends on numerous factors, includ-
ing the selected Cas nuclease, the designed gRNA, and the spe-
cific target strain. One unique aspect of the study was com-
paring different CRISPR nucleases. While prior studies eval-
uated individual nucleases, we compared a diverse set using
similar expression constructs. These comparisons resulted in
DNA-targeting nucleases outperforming RNA-targeting nu-
cleases. The underperformance of the RNA-targeting nucle-
ase Cas13a may reflect the need for further optimization of
the constructs (e.g. promoter strength, target site selection), as
previous studies have reported potent antimicrobial activity
with this nuclease type in other bacteria (21). Another possible
explanation is that the target transcripts did not exceed a min-
imal expression threshold to enact cell dormancy (56), which
could limit possible targets for Cas13-based antimicrobials.
The lack of colony reduction when targeting non-essential
genes with Cas12a2 was surprising given its ability to enact
collateral cleavage of dsDNA that shuts down the cell regard-
less of the original target location (54,55). Instead, Cas12a2
may be acting through gene silencing, as targeting essential
genes consistently resulted in colony reduction. More work
will be needed to uncover the exact basis of antimicrobial ac-
tivity for this nuclease. Finally, we note that the prevalent type
III CRISPR-Cas systems that also recognize RNA targets could
also be explored as potent antimicrobials (68). While these
systems require a larger set of proteins, their accessory pro-
teins activated through cyclic oligoadenylate molecules cat-
alytically produced by triggered effector complexes could ef-
fectively eliminate this target expression threshold. Therefore,
more exploration remains to be done to determine the range
of CRISPR nucleases that can be applied as programmable an-
timicrobials, even if DNA-targeting nucleases already offer an
effective starting point.

One surprising observation was that CRISPR antimicro-
bial activity can vary between similar strains despite using
the same Cas12a nuclease and expression constructs as well
as targeting the same genomic site. Specifically, we identi-
fied and characterized two gRNAs targeting either rdgC or
ftsZ that exhibited distinct antimicrobial activity between
strains. In both cases, we found that resolving predicted sec-
ondary structures that would interfere with gRNA function
restored antimicrobial activity. Such an impact on gRNA fold-
ing has been observed previously for different CRISPR-Cas
systems (56,59,60,62,69-71). However, the connection be-
tween gRNA folding and strain-specific antimicrobial activity
is likely dependent on other factors. Specifically, we posit that
the different strains exhibit distinct sensitivities to CRISPR
antimicrobials due to differences in DNA repair and cell sur-
vival, where the activity of poorly folding gRNAs would be
sufficiently attenuated to allow survival in some strains but
not in others. While strain-specific antimicrobial activity was
rare in our genome-wide screen in two distinct Kp strains, this
possibility should be considered when developing CRISPR an-
timicrobials intended to eradicate diverse strains of the same
genus and species—at least until more data are available.

As part of the work, we performed a genome-wide gRNA
screen to elucidate factors influencing antimicrobial activ-
ity across strains. These efforts parallel a prior unpublished
screen with Cas9 that similarly sought to elucidate factors
for gRNA design based on antimicrobial activity (72). By


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae281#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 10

performing a similar screen but using AsCas12a and across
strains, we found that the vast majority of guides showed sim-
ilar depletion efficiencies between the two analyzed strains.
The factors that most contributed to guide functionality were
gRNA folding, in line with gRNA folding leading to poor per-
formance for the rdgC- and ftsZ-targeting gRNAs, although
other factors such as PAM-flanking nucleotides were also im-
portant. The resulting prediction algorithm based on machine
learning can be applied to more readily design new gRNAs
as antimicrobials. Future work could evaluate how well these
predictions extend to other bacterial pathogens and whether
new screens and subsequent machine learning is necessary
when deviating beyond Kp. Such work should also take into
account escaper cells enriching otherwise cytotoxic guide se-
quences as part of the screen, even if the effect is likely small
given their low frequency when testing individual gRNAs.

Finally, our work explored the delivery of Cas12a-based
antimicrobials to Kp using T7 phage particles packaging en-
gineered phagemids. Phagemid delivery has represented the
most common mode to introduce CRISPR antimicrobials
into bacterial cells (17,22,73,74), although other delivery ap-
proaches have been explored including plasmid conjugation
and infection with a temperate or lytic phage genetically ma-
nipulated to express the CRISPR antimicrobial (20,25,26,75).
Benefits of phagemid delivery include the ease of cloning new
constructs, the ability to express tail fiber proteins in trans,
and the lack of other phage components that could otherwise
negatively impact non-target cells receiving the CRISPR an-
timicrobial. We specifically leveraged tail fiber protein expres-
sion in trans by expressing a large set of tail fibers compatible
with T7 phages but with the potential to infect Kp strains.
This effort revealed a single tail fiber protein that could in-
fect several Kp strains, laying the groundwork to incorporate
more diverse or engineered tail fibers (76). With further efforts
to enhance delivery and incorporate insights into Cas nucle-
ase selection and gRNA design, CRISPR antimicrobials could
become more prominent tools in the ongoing battle against
antibiotic-resistant infections.
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