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CRISPR-Cas systems are now widely used for genome editing and
transcriptional regulation in diverse organisms. The compact and
portable nature of class 2 single effector nucleases, such as Cas9 or
Cas12, has facilitated directed genome modifications in plants,
animals, and microbes. However, most CRISPR-Cas systems belong
to the more prevalent class 1 category, which hinges on muilti-
protein effector complexes. In the present study, we detail how the
native type I-E CRISPR-Cas system, with a 5-AAA-3’ protospacer
adjacent motif (PAM) and a 61-nucleotide guide CRISPR RNA (crRNA)
can be repurposed for efficient chromosomal targeting and genome
editing in Lactobacillus crispatus, an important commensal and ben-
eficial microbe in the vaginal and intestinal tracts. Specifically, we
generated diverse mutations encompassing a 643-base pair (bp) de-
letion (100% efficiency), a stop codon insertion (36%), and a single
nucleotide substitution (19%) in the exopolysaccharide priming-
glycosyl transferase (p-gtf). Additional genetic targets included a
308-bp deletion (20%) in the prophage DNA packaging Nuf and a
730-bp insertion of the green fluorescent protein gene downstream
of enolase (23%). This approach enables flexible alteration of the
formerly genetically recalcitrant species L. crispatus, with potential
for probiotic enhancement, biotherapeutic engineering, and muco-
sal vaccine delivery. These results also provide a framework for
repurposing endogenous CRISPR-Cas systems for flexible genome
targeting and editing, while expanding the toolbox to include one
of the most abundant and diverse systems found in nature.

CRISPR | Cas3 | type I-E | genome editing | probiotic

lustered regularly interspaced short palindromic repeats

(CRISPR) and associated proteins (Cas) provide adaptive
immunity in prokaryotes against invasive nucleic acids (1). CRISPR-
Cas systems are widespread in bacteria (46%) and archaea (90%),
although distribution and classification vary greatly within and
across phylogenetic clades (2). Currently, 2 major CRISPR-Cas
system classes have been described, encompassing 6 types and 34
subtypes (3). Class 1 includes types I, III, and IV, which are de-
fined by the presence of a multiprotein effector complex, such as
the CRISPR-associated complex for antiviral defense (Cascade).
In contrast, class 2 systems are composed of types I, V, and VI,
which rely on single effector nucleases, such as Cas9, Casl2, or
Casl3 (3). Despite these distinctions, all types carry out DNA-
encoded, RNA-mediated nucleic acid targeting (4, 5), but they
vary in their mechanisms of action, molecular targets (DNA
or RNA), and specific sequence biases as determined by the
protospacer adjacent motif (PAM) (6-8). Exogenous class 2 effector
nucleases, such as Cas9 and Casl2, are widely exploited for ge-
nome editing in a plethora of eukaryotes (9, 10), hinging on the
programmable nature of synthetic guide RNA technology (11-13).
Remarkably, few native systems have been harnessed for in situ
editing in bacteria, which is somewhat perplexing, given their
widespread distribution. More specifically, this applies to type I
CRISPR-Cas systems and the signature Cas3 helicase nuclease
(14), which constitutes the most abundant and widespread
CRISPR-Cas system in bacteria and archaea (2). Presumably, the
limited usage of this system is explained by the relative paucity of
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published studies detailing the activity of CRISPR-Cas systems
in their native hosts and lack of fundamental understanding re-
garding type I CRISPR arrays, accompanying Cas proteins, and
corresponding guide CRISPR RNAs (crRNAs) and targeting
PAMs necessary for molecular tool development (15). To date,
only a handful of type I CRISPR-Cas systems have been char-
acterized, most notably the model type I-E CRISPR-Cas system
from Escherichia coli, which was actually the first observed CRISPR
locus over 3 decades ago (16) and has been used more recently to
demonstrate the dependency of CRISPR immunity on crRNA
targeting (17, 18). The Cascade complex, encompassing the crRNA
and Cas proteins, constitutes double-stranded DNA recognition
machinery that drives the selective nucleotide base-pairing between
the crRNA and the cDNA strand (target strand), looping out the
nontarget strand generating the “R-loop” structure (19-21). Then,
the Cas3 helicase nuclease is recruited by Cascade to unwind and
degrade the nontarget strand in a 3'-to-5’ direction (22, 23) via
nuclease- and helicase-dependent activities (14, 24). This processive
single-stranded DNA degradation, combined with inefficient DNA
repair mechanisms, renders self-targeting lethal in bacteria (25)
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Lactobacillus crispatus primarily inhabits 2 ecological niches:
the human vagina and the poultry intestine. The predominance
of this commensal species is indicative of a healthy status, and
this species has become intriguing as an emerging probiotic.
Historically, there has been a paucity of functional studies of L.
crispatus due to its recalcitrance to transformation and limited
molecular biology tools available. Here, we show how the endoge-
nous type I-E CRISPR-Cas system of L. crispatus can be harnessed for
flexible and efficient genetic engineering encompassing insertions,
deletions, and single base substitutions. These findings expand the
CRISPR toolbox with abundant and diverse type | CRISPR-Cas sys-
tems, and illustrate how endogenous systems can be harnessed to
develop next-generation probiotics for human and animal health.
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unless a repair template is provided to drive RecA-dependent
recombination (26).

The microbiome composition, complexity, and diversity have
been the focus of extensive studies over the past decade to un-
derstand its impact on health and disease in humans (27, 28) and
animals (29, 30). The human vaginal microbiome is dominated
by lactobacilli with Lactobacillus crispatus as one of the pre-
dominant species (31), which also plays a key role in poultry
intestinal health (29) and has been implicated in the mainte-
nance of a healthy status, whereas its absence is correlated with a
higher risk of infectious disease (32, 33). Moreover, L. crispatus
has become an emerging probiotic for women’s and poultry
health due to its ability to fend off invasive pathogenic bacteria
through competitive exclusion, production of antimicrobial com-
pounds and exopolysaccharides (34-36), and elicitation of a ben-
eficial host immune response (37). However, the genetic basis of
the L. crispatus probiotic features remains unknown due to the lack
of molecular tools available for this genetically refractory species.

Here, we characterized a type I-E CRISPR-Cas system in the
genetically recalcitrant L. crispatus species in a strain isolated
from a healthy human endoscopy. We show how the endogenous
Cas machinery can be repurposed in the native host for genome
editing by providing engineered CRISPR arrays with self-
targeting spacers in combination with various repair templates
to generate a variety of genome editing outcomes.

Results

Occurrence and Diversity of CRISPR-Cas Systems in L. crispatus. We
first investigated the occurrence of CRISPR-Cas systems in 52
available genomes of L. crispatus (SI Appendix, Table S1) and
characterized the architecture of the CRISPR loci using in silico
analyses. Overall, we identified CRISPR loci in 51 of the 52
genomes (98% occurrence rate) and found types I-B, I-E, and II-
A CRISPR-Cas systems (Fig. 1 and SI Appendix, Table S2). This
is a rather high level of occurrence and diversity, even for the
CRISPR-enriched Lactobacillus genus, in which CRISPR loci
occur in ~63% of genomes (38). The widespread abundance of
type I systems, and ~15% occurrence of type II systems reflect
their relative amounts in bacteria (39). A total of 30 CRISPR-
Cas systems were identified in the 24 human-associated strains,
with 19 type II-A loci, 10 type I-E loci, and a unique type I-B
locus (SI Appendix, Table S2). In poultry isolates, all type I-E loci
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seemed complete, with CRISPR arrays typically accompanied by
a canonical set of cas genes (40), whereas only 3 human isolates
(DSM20584, NCK1350, and VMC3) displayed a complete sys-
tem. Interestingly, strains with degenerate type I-E systems did
harbor complete type II-A systems (C037, FB049-03, OAB24-B,
VMC1, VMCS, and VMC6), except for DISK12 (SI Appendix,
Table S2). Noteworthy, all strains with complete type I-E systems
carried multiple CRISPR arrays, typically 2 arrays located up-
stream of the cas locus and a third array located downstream
(Fig. 14). A single type I-B system was also detected in human
strain VMC3, which also carried a complete type I-E system. In
many incomplete sets, we observed the occurrence of trans-
posases, which have been previously observed in CRISPR loci
(41, 42). The coexistence of several CRISPR-Cas systems in the
same genome has been previously described in several gut lac-
tobacilli and bifidobacteria (41, 43), as well as in Streptococcus
thermophilus starter cultures (44, 45). Overall, we determined
widespread occurrence of CRISPR-Cas systems in L. crispatus,
notably complete type I-E systems (Fig. 1B).

PAM and Guide RNA Characterization. Once we determined the
occurrence and diversity of CRISPR-Cas systems in L. crispatus
and selected type I-E as the most widespread and promising
candidate, we next determined the sequences that guide Cas nu-
cleases, namely, the PAM and the crRNAs. By nature, CRISPR
spacers represent a vaccination record of immunization events
over time. Therefore, we first analyzed CRISPR spacer sequences
to elucidate the flanking protospacer sequences in their matching
targets so as to predict the PAM, which is essential for target DNA
recognition and binding (6, 8). In silico analysis of the CRISPR
spacers revealed sequence homology to plasmids, phages, and
bacterial chromosomes (SI Appendix, Tables S3-S5), allowing us
to identify 5'-AA-3’ as a conserved PAM upstream of the proto-
spacer for the type I-E L. crispatus CRISPR-Cas3 (Fig. 1C).

Using NUPACK to depict the predicted guides (46, 47), we
determined the consensus repeat sequence for each CRISPR
subtype and predicted the crRNA sequence and structure for
type I and crRNA/frans-activating crRNA (tracrRNA) for type
II, using previously established molecular rules about guide
RNA composition and complementarity (48) (Fig. 1C). Vari-
ations in repeat sequences did not alter the predicted crRNA
structures, since polymorphisms occurred in predicted bulges
(SI Appendix, Table S2).
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Fig. 1. CRISPR-Cas systems in L. crispatus. (A) Architecture of the CRISPR loci II-A, I-B, and I-E detected in L. crispatus strains, with the signature cas genes in

green (Cas9, type II-A), red (Cas3, type I-B), and blue (Cas3, type I-E) and cas genes in gray. Repeats are represented as black diamonds and spacers as gray
squares, with the number of total spacers in each CRISPR array indicated below. Trnsp, transposase. (B) Occurrence and diversity of CRISPR-Cas systems in L.
crispatus strains from human (gut and urogenital tract) and poultry (gut) isolates. (C) PAM prediction and representation using the frequency plot of
WebLogo for each CRISPR subtype. The crRNA/tracrRNA-predicted interaction in the type II-A system with the RNase lll-predicted processing sites indicated
with gray arrowheads (Left) and the crRNA-predicted structure for type I-B (Center) and type I-E (Right) with the putative Cas6 processing site indicated with a
gray arrowhead are shown.
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The Native Type I-E System Is Active in L. crispatus NCK1350. Once we
established the widespread occurrence of complete type I-E
CRISPR-Cas systems in L. crispatus and predicted the necessary

which differs from the canonical crRNA processing by Cas6
generating a 5’ handle of 8 nucleotides (49, 50).
Next, we used a plasmid interference assay to test the ability of

the native system to prevent uptake of a plasmid carrying a se-
quence complementary to a native CRISPR spacer, flanked by
the predicted PAM. Analysis of the NCK1350 spacer matches
revealed 5'-AAA-3’ (an extension of the aforementioned 5'-AA-3’
PAM) as the likely PAM (SI Appendix, Table S5). We tested all 3
endogenous CRISPR loci, using a protospacer corresponding to
the most recently acquired spacer within each CRISPR array (5’
end of the array, closest to the leader sequence), by cloning the
corresponding protospacer into the shuttle vector pTRKH2 with
or without a flanking predicted PAM (Fig. 2E and SI Appendix,
Table S6). Results showed that all 3 CRISPR loci can drive

guide RNA and targeting PAM, we selected a human endoscopy
isolate, NCK1350, to validate our predictions and test the func-
tionality of the endogenous system. RNA-sequencing (RNA-seq)
data revealed constitutive expression of the cas genes encom-
passing a monocistronic transcript for cas3 and polycistronic ex-
pression for cascade (Fig. 24), while the small RNA (smRNA)-seq
analyses probed the transcription profiles of all 3 associated
CRISPR arrays (Fig. 2B), enabling the determination of mature
crRNA composition (Fig. 2 C and D). The mature crRNA structure
is unique, with a 5" handle consisting of 7 nucleotides (Fig. 2D),
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Fig. 2. CRISPR locus expression and functionality. (A) RNA-seq coverage displaying the transcriptional profile of the CRISPR locus type I-E in L. crispatus
NCK1350, with mRNA in blue and smRNA for the 3 CRISPR arrays in red. Trnsp, transposase. The smRNA-seq expression profiles of the CRISPR arrays display the
coverage for each spacer in each array (B), and a detailed representation of CRISPR-1 displays the coverage for each spacer repeat (C). (D) smRNA-seq dis-
played the crRNA maturation with the generation of the 5’ handle consisting of 7 nucleotides (5 GUGAUCC-tag). The crRNA boundaries with the terminal
hairpin at the 3’ end were manually depicted. (E) Protospacer corresponding to the most recently acquired spacer of each CRISPR array was cloned into the
shuttle vector pTRKH2, with and without the PAM 5-AAA-3’, for plasmid interference assays. The lowercase sequence displays the plasmid sequence up-
stream of the protospacer. (F) Interference assays with a reduction of between 2 and 3 log units compared with the vector pTRKH2 or the non-PAM-
containing plasmids. Bar graphs represent the mean of 3 independent biological replicates, and the error bars represent the SD. **P < 0.01, ***P < 0.001,
**%%P < 0.001 after Welch’s t test to compare each sample with the non—-PAM-containing control.
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interference against plasmids that carry a target protospacer flanked
by the predicted PAM. Specifically, the transformation efficiency
was reduced by 10-fold, 100-fold, and over 1,000-fold for loci 2, 1,
and 3, respectively (Fig. 2F), reflecting high activity and specificity
of this type I-E system. Overall, these results validated the pre-
dicted PAM 5-AAA-3’, determined the guide RNA sequences,
and confirmed activity of the native system in standard laboratory
conditions.

Repurposing the Endogenous Type I-E CRISPR-Cas3 System for
Genome Editing. Once the functionality of the endogenous type
I-E CRISPR-Cas was demonstrated in L. crispatus NCK1350, we
next repurposed this endogenous system for genome editing by
codelivering a self-targeting CRISPR array with editing tem-
plates. We first surveyed the L. crispatus NCK1350 genome (~2.0
Mbp) for potential PAM sequences and found 56,591 instances
of the 5'-AAA-3’ motif and 181,672 occurrences of 5'-AA-3" on
the coding strand as well as 55,061 instances of 5-AAA-3" and
182,194 occurrences of 5-AA-3’ on the noncoding strand. This
high frequency of PAM sequences within the NCK1350 genome
suggests that the endogenous type I-E can be used to target and
potentially alter every single gene in the genome, with a canonical
PAM occurring, on average, every 35 nucleotides, virtually en-
abling widespread genome editing across this chromosome.

A plasmid-based tool was developed to reprogram the endog-
enous type I-E machinery based on the expression of an artificial
and programmable CRISPR array carrying a self-targeting CRISPR
spacer. For this purpose, a double-stranded gene block containing
a promoter, 2 CRISPR repeats, and a rho-independent terminator
was cloned into BgllI-Sall-digested pTRKH2 to generate a flex-
ible plasmid, pTRK1183, in which self-targeting spacers can
readily be cloned (Table 1 and SI Appendix, Fig. S1). For the
promoter, the native leader of the CRISPR-3 array (AT content
of ~70%) was chosen to drive the expression of the artificial
CRISPR array. Conveniently, we designed pTRK1183 with 2 Bsal
sites between the 2 CRISPR repeats, allowing flexible and easy
insertion of spacers (33 base pairs [bp]) as programmable self-
targeting guides, using annealing oligonucleotides with overhang
ends compatible with the Bsal-digested plasmid (S Appendix, Fig.
S1). Thus, the artificial guide expressed from the plasmid will
mimic the native type I-E crRNA from NCK1350. We used this
tool to clone various self-targeting spacers close to the target gene
start codon (SI Appendix, Fig. S2), redirecting the endogenous
Cascade-Cas3 machinery against select chromosomal locations.
For this purpose, we engineered the plasmids pTRK1184, pTRK1188,
and pTRK1190 targeting, respectively, the nonessential exo-
polysaccharide priming-glycosyltransferase (p-gff), the prophage
DNA packaging Nul, and the essential and highly transcribed
enolase (Table 1). In all instances, self-targeting was lethal, with
constructs killing over 99% of the cells across the 3 target sites
(Fig. 34).

To trigger genome editing, we codelivered a repair template
cloned into the self-targeting plasmid containing the CRISPR array
to enable the host to overcome Cas3-based targeting and damage.
First, we used the p-gtf target to generate a knockout, since the
mutants will conveniently display a visibly distinct phenotype due
to the altered exopolysaccharide content (51-53), which can also
lead to altered probiotic features, such as adherence, stress re-
sistance, and modulation of the host immune system (54-57). We
designed the repair template to encompass sequences 1 kilobase
(kb) upstream and 1 kb downstream of the target protospacer, and
cloned into Sall-Pvul-digested pTRK1184 to generate pTRK1185
(SI Appendix, Fig. S24). All tested transformants generated a
smaller PCR product, revealing the 643-bp expected deletion in
the NCK2635 mutant (100% efficiency), confirmed by sequencing
(Fig. 44). Similarly, a control plasmid was generated containing
the same repair template (RT) but lacking the targeting guide
(pPTRKH2-RT). Indeed, when this plasmid was transformed into
L. crispatus NCK1350, hundreds of transformants were obtained
(Fig. 4D) and none of the PCR-screened colonies presented the
deletion, indicating low-efficiency recombination without CRISPR

Hidalgo-Cantabrana et al.

Table 1. Strains and plasmids used in this study

Description

Strains
L. crispatus L. crispatus isolated from a human endoscopy with
NCK1350 CRISPR-Cas systems subtype I-E
NCK2635 L. crispatus NCK1350 mutant with the deletion
(643 bp) of the exopolysaccharide p-gtf gene
. crispatus NCK1350 mutant with 3 stop codons
inserted (p-gtf15_16::taatagtga) in the p-gtf gene
and the protospacer sequence deleted
NCK2659 L. crispatus NCK1350 mutant with a single base
substitution altering the PAM sequence (14A > G)
(K5R) in the p-gtf gene
. crispatus NCK1350 mutant with the prophage DNA
packaging NuT deleted (308 bp)
NCK2665 L. crispatus NCK1350 mutant with the GFP inserted in
the chromosome downstream of the enolase

NCK2656

~

NCK2662

~

Plasmids

pTRKH2 High-copy gram-positive shuttle vector; Erm"

pS6 Spacer 6 from CRISPR-1 cloned into pTRKH2

pPS6 PAM + spacer 6 from CRISPR-1 cloned into pTRKH2

pS21 Spacer 18 from CRISPR-2 cloned into pTRKH2

pPS21 PAM + spacer 18 from CRISPR-2 cloned into pTRKH2

pS26 Spacer 26 from CRISPR-3 cloned into pTRKH2

pPS26 PAM + spacer 26 from CRISPR-3 cloned into pTRKH2

pTRK1183 Plasmid-based technology with an artificial crRNA
(leader + 2 repeats + rho-terminator) cloned into
pTRKH2

pTRK1184  Targeting plasmid on the exopolysaccharide p-gtf
gene obtained after cloning with annealing
oligonucleotides a 33-nt spacer into pTRK1183

pTRK1185 Editing plasmid containing the repair template (RTyo)
to generate a knockout of the p-gtf gene, cloned
into pTRK1184

pTRKH2-RT  Control plasmid containing the repair template (RTko)
used to generate a knockout of the p-gtf gene,
cloned into pTRKH2

pTRK1186 Editing plasmid containing the repair template (RTstop)
to generate the insertion of 3 stop codons in the
p-gtf gene, cloned into pTRK1184

pTRK1187 Editing plasmid containing the repair template (RTsyp)
to perform single nucleotide substitution altering
the PAM sequence in the p-gtf gene, cloned into
pTRK1184

pTRK1188  Targeting plasmid on the prophage DNA packaging
NuT gene obtained after cloning with annealing
oligonucleotides a 33-nt spacer into pTRK1183

pTRK1189 Editing plasmid containing the repair template (RTko)
to generate a knockout of the NuT gene, cloned
into pTRK1188

pTRK1190  Targeting plasmid on the enolase gene obtained after
cloning with annealing oligonucleotides a 33-nt
spacer into pTRK1183

pTRK1191 Editing plasmid containing the repair template (RTggp)

to generate the chromosomal insertion of the GFP
gene, cloned into pTRK1188

Erm’, erythromycin resistance; nt, nucleotide.

selective pressure. This result suggests the deletion mutant NCK2635
was the consequence of Cascade-Cas3 targeting, followed by
homology-directed repair based on the repair template provided
on the plasmid, rather than naturally occurring homologous re-
combination (HR). Also, these results confirmed the lethality of
Cas3-based DNA damage when a self-targeting array is delivered
to repurpose the endogenous system and trigger lethal cleavage
without a repair template.
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We then used a similar strategy to generate other genome
editing outcomes to illustrate the versatility of the technology.
We used the same targeting plasmid (pTRK1184), in which we
cloned different repair templates to perform various editing
outcomes within the p-gtf gene (SI Appendix, Fig. S24). We in-
troduced a stop codon in the p-gff gene while simultaneously
deleting the protospacer region (pTRK1186 in Table 1 and SI
Appendix, Fig. S24). When the plasmid was transformed into L.
crispatus NCK1350, 11 transformants were obtained and PCR
screening confirmed the insertion of the stop codon at the de-
sired location with 36% efficiency (4 of 11 colonies), generating
NCK2656 (Fig. 4B). The other survivors appeared to carry
defective plasmids in which the targeting spacer had been ex-
cised, presumably by HR between the CRISPR repeats. Next,
we carried out a single base substitution (14A > G) yielding a
missense mutation (KSR) in the p-gtf target (pTRK1187 in
Table 1 and SI Appendix, Fig. S2A). In this case, 16 transformants
were obtained and the PCR screening confirmed the genesis of
the desired single base substitution in NCK2659 (Fig. 4C) with
an efficiency of 19% (3 of 16 colonies). The exopolysaccharide
(EPS)-derivative mutants NCK2635 and NCK2656 displayed a
rough phenotype due to the p-gtf deletion or interruption, visually
distinguishable from the smooth phenotype of the wild-type strain
NCK1350, when using scanning electron microscopy (Fig. 4E).
The EPS-derivative mutant NCK2659 displayed an intermediate
surface phenotype between the parental strain NCK1350 and the
deletion mutant NCK2635 (Fig. 4E) as the amino acid change KSR
did show features of both the smooth and rough morphologies of
L. crispatus. These results showed that this approach can be used to
generate deletions, insert stop codons, or precisely mutate a single
base efficiently in the p-gtf gene.

Next, to illustrate the versatility of this approach, we targeted
another chromosomal location, and deleted the prophage DNA
packaging Nul, to provide a proof of concept for prophage curing.
Using the aforementioned vector, we designed a repair template
completely ablating the Nul, cloned it into Sall-Pvul-digested
pTRK1188 (pTRK1189 in Table 1 and SI Appendix, Fig. S2B), and
generated a 308-nucleotide deletion mutant, NCK2662, with 20%
efficiency (2 of 10 colonies) (Fig. 54). Finally, we targeted a
third chromosomal locus to generate a knock-in. We strategically

selected the downstream region of the enolase gene as a stable
and highly expressed locus, which we previously used for antigen
expression in Lactobacillus acidophilus (58) using a upp plasmid-
based cloning system (59, 60). We designed a repair template
containing the green fluorescent protein (GFP) gene, flanked by
2-kb homologous arms, cloned into Sall-Pvul-digested pTRK1190
to generate pTRK1191 (Table 1 and SI Appendix, Fig. S2C). In
this case, PCR screening of the transformants revealed the
intended GFP integration (730 bp) with 23% efficiency (3 of 13
colonies) (Fig. 5B). Prophage curing, leading to the enhancement
of strain genetic stability, was demonstrated under the selective
induction of mitomycin C (0.75 pg/mL), with the deletion mutant
NCK2662 being able to grow, whereas cell lysis occurred in the
wild-type strain NCK1350 due to prophage excision from the
chromosome (Fig. 5C). The fluorescence signal of the chromosomal
inserted GFP was detected in the derivative mutant NCK2665 using
fluorescence microscopy, enabling monitoring of probiotic strains in
future characterization through in vitro and in vivo analyses (Fig.
5D). Overall, these results show that various loci can be targeted by
the endogenous type I-E machinery to generate deletions and in-
sertions flexibly and efficiently.

Discussion

The advent of CRISPR-based technologies has revolutionized
genome editing and enabled the alteration of virtually any se-
quence in any organism of interest. Much of this success is due to
the portability, ease of delivery, and accessibility of materials and
protocols for genome editing and transcriptional control (61).
However, the current toolbox is limited to only a few Cas9, Cas12,
and Casl13 effector proteins, predominantly optimized for use in
eukaryotes. With thousands of native CRISPR-Cas systems widely
occurring in bacteria and archaea, we have the opportunity to
repurpose endogenous systems in their native host for genome
editing, provided we can characterize their guide RNAs and targeting
PAM sequences (15). Harnessing the endogenous machinery
enables efficient genome editing simply by delivering a CRISPR
array, together with desired repair templates. The development
of such a potent tool has the potential to facilitate the engineering
of many valuable bacteria that play critical roles in human health
(62, 63) and important biological functions in the various habitats
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and niches they inhabit. Also, this opens new avenues for the
functional enhancement of bacterial communities and rational de-
sign of beneficial microbes and probiotics to promote host health.

Recent studies have established L. crispatus as a key com-
mensal species for women’s health and poultry intestinal health
(29, 31-33), although it is unclear what the genetic basis of those
probiotic features is. Furthermore, research in this species has
been limited by the paucity of molecular tools available for
functional studies, as well as limited transformation efficiencies
in this genetically recalcitrant species (64, 65). Indeed, the lack of
molecular tools for L. crispatus represents a bottleneck for a
more comprehensive understanding of its physiology and further

Hidalgo-Cantabrana et al.

enhancement of its probiotic features through genome editing.
The methods we used to edit various chromosomal loci in L.
crispatus NCK1350 using the native CRISPR-Cas3 system illus-
trate how endogenous CRISPR-Cas systems can be easily
repurposed for precise genome editing encompassing insertions,
deletions, and single base alterations. Similar approaches have
been used previously for transcriptional control in the model
bacterium E. coli (66, 67) and in archaea (68), for genome editing in
archaea (69, 70), and also for genome engineering of a bacterio-
phage (71) and Clostridium (72, 73). Here, we used the endogenous
type I-E CRISPR-Cas system for efficient and precise genome
editing in lactobacilli. The only unique tool available previously
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Fig. 5. Diversity of genome editing loci achieved by repurposing the endogenous type I-E system in L. crispatus NCK1350. (A, Left) Deletion of the prophage
DNA packaging NuT gene (308 bp), with the chromatogram showing the sequence of the NCK1350 wild-type strain (wt) and the derivative mutant NCK2662.
Note that the repair template was designed 206 bp upstream from the PAM to delete the complete gene (S/ Appendix, Fig. S2). (A, Right) Transformation
efficiencies and the editing rate (%) (Top) and the corresponding gels (Bottom) are shown. (B) Chromosomal insertion of the GFP (730 bp) downstream of the
enolase gene, with the chromatogram showing the sequence of the wild-type strain and the derived mutant NCK2665. (C) Growth curve (ODggonm) Of
NCK1350 and derivative mutant NCK2662 in the presence of mitomycin C (MC) for prophage induction. cfu, colony-forming unit. (D) Fluorescence microscopy
of NCK1350 and derivative mutant NCK2665 expressing the GFP inserted in the chromosome, using a white filter (Left) and fluorescein isothiocyanate filter

(Right). (Magnification: 40x.)

was based on the heterologous expression of Streptococcus pyo-
genes Cas9 in Lactobacillus reuteri, Lactobacillus casei, and Lac-
tobacillus plantarum (74-76). While Cas3-based exonucleolytic
activity can be toxic to bacterial cells (25, 77), the widespread
HR machinery mediated by RecBCD resects DNA ends. Sub-
sequently, RecA is recruited to drive recombination (26, 78) or
RecA is recruited via the RecF pathway with RecFOR at the
initial steps (79) to assist with DNA repair and genesis of the
desired genome editing outcomes encoded on the repair template.
In this study, we show that providing an adequately designed re-
pair template (2-kb size) in the targeting plasmid constitutes an
efficient means to carry out various editing outcomes, even in a
recalcitrant species such as L. crispatus. The flexible genetic manip-
ulation of the commensal L. crispatus uncovers tremendous potential
to develop next-generation probiotics for women’s health and poultry
health, including, but not limited to, enhancing the probiotic
features or the development of vaccines against infectious diseases
and sexually transmitted diseases. These findings also open new
avenues for engineering other Lactobacillus species by repurposing
their endogenous active CRISPR-Cas systems (80, 81) to enhance
bacterial applications, microbiome targeting, and modulation in
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humans and animals. Indeed, this technology relies on the use of a
single plasmid conveniently designed for easy cloning, thus enabling
potent CRISPR targeting and programmable genome editing with-
out the necessity of a large heterologous Cas nuclease, which usually
requires complex plasmid engineering leading to stability artifacts.

Overall, this study provides a framework to characterize en-
dogenous CRISPR-Cas systems, based on in silico examination,
transcriptomic analyses, and plasmid interference assays. We have
demonstrated how endogenous type I CRISPR-Cas systems can
be repurposed for efficient genome editing of bacteria in situ,
opening new avenues for next-generation engineering of industrial
workhorses, commensal microbes, and beneficial probiotic bacte-
ria for the development of engineered biotherapeutics. Addi-
tionally, this research may serve as a framework for future studies
that aim at developing next-generation CRISPR-Cas tools.

Methods

CRISPR-Cas System Detection and Characterization in Silico. The 52 L. crispatus
genomes (SI Appendix, Table S1) available in the National Center for Bio-
technology Information (NCBI) GenBank in December 2017 were mined to
determine the occurrence and diversity of CRISPR-Cas systems in this species.

Hidalgo-Cantabrana et al.
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The in silico analyses were performed using Cas proteins (Cas1, Cas3, and
Cas9), previously identified in other lactobacilli species (38), as queries, using
BLAST (82) to retrieve the Cas proteins among L. crispatus strains. Then, the
putative CRISPR array(s) of each genome were identified using the CRISPR
Recognition Tool (83) implemented in Geneious 10.0.6 software (84).
Thereafter, the CRISPR-Cas systems of each strain were manually curated and
annotated. The CRISPR subtypes were designated based on the occurrence
of signature Cas proteins (Cas9-typell and Cas3-typel) and associated pro-
teins as previously reported (39).

Spacer Analyses, PAM Prediction, and Guide RNA Identification. CRISPR spacers
represent an iterative vaccination record for bacteria. Bioinformatic analyses
were performed to predict the PAM sequence based on spacer—protospacer
match, using the spacers of each L. crispatus strain and the web server
CRISPRTarget (85). The WeblLogo server was used to represent the PAM
sequence based on a frequency chart where the height of each nucleotide
represents the conservation of that nucleotide at each position (86).

In type | systems, the crRNA represents the guide RNA that interacts with
the Cascade complex to define the complementary sequence. The crRNA
encompasses the repeat-spacer pair, so a repeat-spacer nucleotide sequence
was used to predict the structure of the crRNA of type I-B and type I-E using
the NUPACK web server (87), and then manually depicted. In type Il systems, the
tracrRNA has a complementary region to the CRISPR repeat sequence of the
crRNA, allowing creation of the duplex crRNA/racrRNA. Therefore, the repeat
sequence of type II-A was used to identify the tracrRNA in the CRISPR locus as
previously described (15), and the interaction between crRNA and tracrRNA
was then predicted using the NUPACK web server and depicted manually.

Bacterial Strains and Growth Conditions. L. crispatus NCK1350 and derivative
strains used in this study (Table 1) were propagated in De Man, Rogosa, and
Sharpe (MRS; Difco) broth or on MRS agar (1.5% wt/vol) plates at 37 °C under
anaerobic conditions. E. coli DH10B and MC1061 were used as cloning hosts.
E. coli strains were grown in brain heart infusion (BHI; Difco) broth at 37 °C with
aeration (250 rpm) or on BHI agar plates at 37 °C aerobically. Transformants were
selected in the presence of erythromycin (Erm) at 150 pg-mL~" for E. coli or
2.5 ug-mL~" for L. crispatus.

Genome Sequencing and Assembly. Total DNA of L. crispatus NCK1350 was
isolated using an UltraClean Microbial DNA Isolation Kit (MOBIO), and whole-
genome sequencing was performed using a MiSeq System (lllumina) at the
Roy J. Carver Biotechnology Centre of the University of Illinois (Urbana-
Champaign, IL) following the supplier’s protocol. Libraries were prepared with
the Hyper Library construction kit from Kapa Biosystems. The libraries were
pooled as instructed, quantitated by gPCR, and sequenced on 1 lane per pool
for 301 cycles from each end of the fragments on a MiSeq flowcell using a
MiSeq 600-cycle sequencing kit (version 3). Fastq files of the pair-end reads
were generated and demultiplexed with bcl2fastq Conversion Software
(v2.17.1.14, lllumina). The adaptors were trimmed from the sequencing reads,
and sequences were quality-retained. The fastq files of the pair-end reads
were used as input for the genome assembly through the PATRIC web server
(https://www.patricbrc.org) and also for the protein-encoding open reading
frame prediction and annotation. Then, the genome annotations were manually
curated in Geneious 11.0.5.

RNA Extraction and RNA Sequencing Analysis. Total RNA of L. crispatus
NCK1350 was isolated from a 10-mL MRS culture, with 2 independent bi-
ological replicates grown under anaerobic conditions to an optical density at
600 nm (ODggonm) ~ 0.6. Cells were harvested by centrifugation (3,200 x g,
10 min, 4 °C), and the cell pellets were flash-frozen and stored at —80 °C until
RNA extraction was performed. Total RNA was isolated using a Zymo Direct-
Zol RNA Miniprep Kit (Zymo Research), following the protocol previously de-
scribed (88). The messenger RNA (mRNA) and smRNA library preparation and
sequencing were performed at the Roy J. Carver Biotechnology Centre, and
data analysis was performed as previously described (88). Finally, the RNA-seq
reads were mapped onto the L. crispatus NCK1350 genome using Geneious
11.0.5 software (84) with default settings, and the expression level for each coding
sequence was calculated based on the normalized transcripts per million (89).

DNA Manipulations. Chromosomal DNA from L. crispatus was isolated using
the UltraClean Microbial DNA Isolation Kit, and plasmid DNA from E. coli
was obtained using a QIAprep Spin Miniprep Kit (Qiagen) following the
manufacturer’s instructions. PCR primers, double-stranded synthetic DNA for
plasmid interference assays, and single-stranded DNA for annealing oligonu-
cleotides were synthesized by Integrated DNA Technologies (IDT; Morrisville,
NC). Synthetic DNA for the target-specific crRNA was synthesized by Genewiz
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(Suzhou, China). PCR amplicons for colony screening were generated using
standard PCR protocols and Taq blue DNA polymerase (Denville Scientific). Q5
Hot Start High-Fidelity Polymerase (New England Biolabs [NEB]) was used to
PCR-amplify DNA for cloning purpose. PCR products were analyzed on 0.8 to
1.5% agarose gels. DNA sequencing was performed by Genewiz to confirm
sequence content. Restriction digestions were performed with 1 pg of plasmid
DNA in a final volume of 50 pL, at 37 °C for 1 h, using high-fidelity restriction
enzymes (NEB). Purification of digested products for ligation was performed
using a Monarch PCR & DNA Cleanup Kit (NEB) or Monarch DNA Gel Extrac-
tion Kit (NEB). Ligation reactions were performed at a 3:1 insert/vector ratio
using 50 ng of vector in a final volume of 10 pL, using Instant Sticky-end Ligase
Master Mix (NEB) based on the manufacturer’s instructions.

Single-stranded DNA oligonucleotides were resuspended in IDT Duplex
Buffer to a final concentration of 100 uM. Then, equal amounts (2 pg) of each
strand (A + B) were mixed, and the final volume was adjusted to 50 pL with
IDT Duplex Buffer. Both strands were annealed at 95 °C for 2 min, followed
by incubation at 25 °C for 45 min. All annealed oligonucleotides were stored
at —20 °C.

Construction of Interference Plasmids. The pTRKH2 plasmid (90), a replicating
shuttle vector for E. coli and Lactobacillus, was used for all plasmid construc-
tions. The interference plasmids were constructed by ligation of the synthetic
double-stranded DNA protospacers, with or without the PAM, into Bglll-Sall-
digested pTRKH2 (S/ Appendlix, Table S6). The constructs were transformed into
rubidium chloride-treated competent E. coli DH10B cells using heat shock at
42 °C for 1 min, followed by another 2-min incubation on ice. Cells were re-
covered in 900 pL of SOC medium (NEB) at 37 °C aerobically for 3 h and then
plated on BHI with 150 pg-mL~" Erm. The resulting interference plasmids were
PCR-screened in E. coli transformants with M13 primers (S/ Appendix, Table S6)
for the presence of the insert and sequenced to confirm sequence content.

Construction of the CRISPR-Based Editing Vector pTRK1183 to Repurpose the
Endogenous Type I-E System in L. crispatus NCK1350. The plasmid-based
technology pTRK1183 was constructed by ligation of the synthetic double-
stranded gene block that represents the artificial crRNA of NCK1350 into
Bglll-Sall-digested pTRKH2 (Table 1). The artificial crRNA contains a promoter
that is the native leader of the CRISPR-3 array of L. crispatus NCK1350, together
with 2 repeats and a rho-independent terminator (BBa_B1006, registry of
standard biological parts) (S Appendix, Fig. S1). The ligation was transformed in
rubidium chloride competent E. coli DH10B cells as described above. The
resulting pTRK 1183 plasmid was isolated from E. coli transformants, checked by
PCR with M13 primers (S/ Appendix, Table S6) for the presence of the insert,
and sequenced to confirm sequence composition.

Two Bsal sites are located between the 2 direct repeats of the artificial
crRNA in pTRK 1183 to allow the insertion of spacers (targets) using annealing
oligonucleotides. The pTRK1183 plasmid was isolated from E. coli, digested
with Bsal, and ligated with the annealing oligonucleotides carrying over-
hang ends. The constructs were transformed in rubidium chloride competent
E. coli DH10B cells as described above. The resulting plasmid is a pTRK1183
derivative containing a spacer to target the exopolysaccharide gene p-gtf
(Enzyme Commission [EC] 2.7.8.6) generating the plasmid pTRK1184, a
spacer to target the prophage DNA packaging gene Nul generating
PTRK1188, or a spacer to target the enolase gene (EC 4.2.1.11) generating
the plasmid pTRK1190 (Table 1). The resulting plasmids were isolated from E.
coli transformants, checked by PCR with M13 primers (S/ Appendix, Table S6)
for the presence of the insert, and sequenced to confirm sequence content.

pTRK1183 and derived targeting plasmids (pTRK1184, pTRK1188, and
pTRK1190) present a Sall-Pvul restriction site ideal to clone a designed repair
template to perform genome editing repurposing the endogenous type I-E
system in L. crispatus NCK1350. For this purpose, a double-stranded DNA
synthetic gene block containing 2-kb homologous arms to the p-gtf gene (S/
Appendix, Fig. S2A) was PCR-amplified with primers p-gtf RTxo_Sall_F and
p-gtf RTxo_Pvul_R (SI Appendix, Table S6) and cloned into Sall-Pvul-diges-
ted pTRK 1184 generating the plasmid pTRK 1185 (Table 1) that contains both
the crRNA guide to target the gene and the repair template to perform a
deletion of 643 bp. The same repair template was cloned into Sall-Pvul-
digested pTRKH2 generating the plasmid pTRKH2-RT (Table 1), containing
the repair template but not the targeting CRISPR array, that serves as a
control plasmid for spontaneous HR.

Similarly, a different gene block (2 kb) designed to introduce 3 stop codons
in the p-gtf gene (S/ Appendix, Fig. S2A) was amplified by PCR using the
primers p-gtf RTsrop_Pvul_R and p-gtf RTstop_Pvul_R and cloned into Sall-
Pvul-digested pTRK1184 generating the plasmid pTRK1186.

Another repair template (2 kb) was designed to introduce a single base
substitution in the p-gtf gene to alter the PAM. In this case, the primers
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p-gtf RTsnp_Up_Sall_F and p-gtf RTsyp_Up_R were used to perform a chro-
mosomal amplification of the upstream homologous arm introducing the
mutation in the repair template, and the primers p-gtf RTsyp_Dw_SOE-
PCR_F and p-gtf RTsyp_Dw_Pvul_R amplified the downstream region. Then,
both repair templates were overlapped using splicing by overlapping
extension (SOE)-PCR with the primers p-gtf_RTsyp_Up_Sall_F and gtf RTsnp_
Dw_Pvul_R to generate the final 2-kb repair template that was cloned into
Sall-Pvul-digested pTRK 1184 generating plasmid pTRK1187.

To delete the prophage DNA packaging gene Nul, a double-stranded
DNA synthetic gene block containing 2-kb homologous arms (S/ Appendix, Fig.
S2B) was amplified using the primers Nu1_RTo_Sall_F and Nu7_RTo_Sall_R and
cloned into Sall-Pvul-digested pTRK1188 generating plasmid pTRK1189.

To perform the chromosomal insertion of the GFP at the 3’ end of the
enolase gene, a repair template containing 730 bp corresponding to the GFP
and 2-kb homologous arms to the enolase gene region was designed (S/ Appendix,
Fig. S20). For this purpose, the enolase downstream region was amplified using the
primers enolase_RTgr_Dw_Sall_F and enolase_RTgrp_Dw_R, the upstream region
was amplified using the primers enolase_RTgr_Up_F and enolase_ RTgrp_
Up_Pvul_R, and the gene block containing the GFP was amplified using the
primers RTgrp_GFP_SOE-PCR_F and RTgrp_GFP_SOE-PCR_R. Then, the 3 PCR frag-
ments were overlapped using SOE-PCR with the primers enolase_RTgrp_Dw_Sall_F
and enolase_RTgrp_Up_Pvul_R, and the resulting amplicon (2.73 kb) was cloned
into Sall-Pvul-digested pTRK1190 generating plasmid pTRK1191.

The final plasmid constructs were PCR-screened using the general M13_F
and lacZ_Rev primers or M13_F and 253_R primers (S/ Appendix, Table S6) to
check plasmid content.

Transformation of L. crispatus NCK1350. The transformation of L. crispatus
NCK1350 was optimized based on a slight modification of a previously de-
scribed transformation protocol for lactobacilli (60). Stationary cells grown
anaerobically were inoculated (1% vol/vol) into MRS broth previously re-
duced to anaerobic conditions and grown until ODggonm ~ 0.3 was achieved.
At this point, penicillin G was added to a final concentration of 10 pg-mL™"
and cells were incubated for another hour. Then, cells were harvested by
centrifugation (3,200 x g, 10 min, 4 °C) and washed 3 times with electro-
poration buffer containing 1 M sucrose and 3.5 mM MgCl,. Finally, cells were
resuspended in 1 mL of electroporation buffer and aliquoted in 200 pL for
direct use. For each transformation, 2 ug of plasmid was combined with 200 pL
of cells, and 2-mm cuvettes were used for electrotransformation under
2.5-kV, 25-pF, and 400-Q conditions. Cells were recovered in 1 mL of MRS
broth previously reduced to anaerobic conditions and incubated at 37 °C in
anaerobic conditions for 18 h. Transformants were selected on MRS plates
with 2.5 pg-mL~" Erm for 48 to 72 h.

The transformants obtained were PCR-screened and sequenced to confirm
the presence of desired mutations. For the exopolysaccharide gene p-gtf, the
primers KO_p-gtf_ F and KO_p-gtf R were used for the chromosomal PCR
amplification (2.8 kb in wild type and 2.2 kb in deletion mutant), and the
primers p-gtf_F and p-gtf_R were used to sequence the p-gtf region for the 3
different editing outcomes performed in this target. For the prophage DNA
packaging NuT gene, the primers KO_Nu7_F and KO_Nu7_R were used for the
chromosomal PCR amplification (2.8 kb in wild type and 2.5 kb in deletion
mutant), and the primers Nu7_F and Nu7_R were used for sequencing. To check
the insertion of the GFP in the enolase region, the primers GFP_Insertion_F and
GFP_Insertion_R were used for PCR amplification (2.4 kb in wild type and 3.1 kb
in insertion mutant) of the chromosomal location, and the primers GFP_F and
GFP_R were used to check the sequence.
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Scanning Electron Microscopy. The L. crispatus NCK1350 and derived exo-
polysaccharide mutants (NCK2635, NCK2656, and NCK2659) were grown
for 16 h as described above. Bacterial cells from 10 mL of culture were
harvested by centrifugation (10 min, 2,500 rpm), resuspended in 10 mL of
3% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 5.5), and stored at 4 °C
until processed. Bacterial suspensions were filtered using a 0.4-um pore poly-
carbonate Nucleopore filter. Filters containing bacteria were washed 3 times
with 30-min changes of 0.1 M Na cacodylate buffer (pH 5.5), dehydrated with
a graded series of ethanol to 100% ethanol, and then critical point-dried
(Tousimis Samdri-795; Tousimis Research Corp.) in liquid CO,. Dried filters
were mounted on stubs with double-stick tape and silver paint and sputter-
coated (Hummer 6.2 sputtering system; Anatech USA) with 50 A of Au/Pd.
Samples were held in a vacuum desiccator until viewed using a JEOL JSM-
5900LV scanning electron microscope. Images were acquired at a resolution
of 1,280 x 960 pixels. Sample preparation and scanning electron microscopy
were performed at the College of Agriculture and Life Sciences Center for
Electron Microscopy at North Carolina State University.

Prophage Induction. L. crispatus NCK1350 and the NCK2662 mutant lacking
the prophage DNA packaging Nu? (Table 1) were grown for 16 h as de-
scribed above. Then, 10 mL of fresh broth was inoculated (1%), and mito-
mycin C (Sigma) was added (0.75 pg/mL) when the cultures reached
ODggonm = 0.2 to 0.3. Bacterial growth was monitored (ODgoonm) Over 18 h,
and cell counts where performed on regular media at the final time point.
Three independent biological replicates were performed, with 2 technical
replicates in each experiment.

Fluorescence Microscopy. The L. crispatus NCK1350 and NCK2665 derivative
mutants expressing the chromosomal inserted GFP were grown for 16 h as
described above. Then, bacterial cells were washed, placed on a microscope
slide, and covered with a coverslip (Fisher Scientific). The preparations were
observed with a Nikon Eclipse E600 microscope using 40x magnification. The
fluorescein isothiocyanate filter (excitation = 480, emission = 585) was used
for visualization of the GFP signal.

Statistical Analyses. In all figures, the bar graphs represent the mean of 3
independent biological replicates and the error bars represent the SD. Data
distribution was analyzed with Welch's t test, used to compare 2 unpaired
groups (sample vs. control) under the hypothesis that the 2 groups contain
equal means. Comparisons with a P value <0.05 were considered statistically
significant. The statistical analyses were performed in R studio, v1.1.463.

Accession Numbers. The chromosomal sequence and the RNA-seq data of L.
crispatus NCK1350 reported in this paper have been deposited in the NCBI
genome database and Short Read Archive database, respectively, under the
BioProject ID PRINA521996 (91). The whole-genome sequence has been
deposited under the accession number SGWL00000000. The mRNA se-
quences have been deposited under the accession numbers SRR8568636 to
SRR8568637, and the smRNA sequences have been deposited under the
accession numbers SRR8568722 to SRR8568723.
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