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Bifidobacterium is a commensal bacterial genus ubiquitous in the human gastrointesti-
nal tract, which is associated with a range of health benefits. The advent of CRISPR-
based genome editing technologies provides opportunities to investigate the genetics of
important bacteria and transcend the lack of genetic tools in bifidobacteria to study the
basis for their health-promoting attributes. Here, we repurpose the endogenous type
I-G CRISPR-Cas system and adopt an exogenous CRISPR base editor for genome
engineering in B. animalis subsp. lactis, demonstrating that both genomic and epige-
netic contexts drive editing outcomes across strains. We reprogrammed the endogenous
type I-G system to screen for naturally occurring large deletions up to 27 kb and to gen-
erate a 500-bp deletion in tetW to abolish tetracycline resistance. A CRISPR-cytosine
base editor was optimized to install C•G-to-T•A amber mutations to resensitize multi-
ple B. lactis strains to tetracycline. Remarkably, we uncovered epigenetic patterns that
are distributed unevenly among B. lactis strains, despite their genomic homogeneity,
that may contribute to editing efficiency variability. Insights were also expanded to Bifi-
dobacterium longum subsp. infantis to emphasize the broad relevance of these findings.
This study highlights the need to develop individualized CRISPR-based genome engi-
neering approaches for distinct bacterial strains and opens avenues for engineering of
next generation probiotics.
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As an important bacterial genus, Bifidobacterium typically colonizes the human gastro-
intestinal tract early in life and remains a key component of the gut microbiome
throughout the lifespan (1). The presence of Bifidobacterium has been associated with a
variety of potential health benefits including the prevention of enteropathogenic infec-
tion via the production of short chain fatty acids (2), alleviating irritable bowel
syndrome (3), enhancing the host immune system (4), particularly in infants (5), and
antitumor effects that can modulate cancer immunotherapy (6). Given the numerous
health-promoting effects and long-term history of safe usage of Bifidobacterium, some
strains of B. animalis subsp. lactis and B. longum subsp. infantis have been commercial-
ized as probiotics (7, 8). Consequently, Bifidobacterium genomes have been studied
extensively to characterize the genetic basis for important functional attributes, such as
the ability to metabolize human milk oligosaccharides (9), which some bifidobacteria
leverage to colonize the relatively complex human gastrointestinal tract. Bifidobacterium
genomes are also enriched with diverse CRISPR-Cas (clustered regularly interspaced
short palindromic repeats-CRISPR-associated proteins) systems (10), presenting tre-
mendous opportunities to repurpose these systems for next-generation genome editing,
as demonstrated previously in Lactobacillus (11).
Functioning as the prokaryotic adaptive immune system, CRISPR-Cas typically pro-

vides DNA-encoded (12), RNA-mediated (13), and DNA-targeting (13–15) resistance
against invasive nucleic acids (12, 16). Promptly following the characterization of the
Cas9 endonuclease (14) as a programmable dual-nickase (17), the advent of the single-
guide RNA (sgRNA) technology (18) enabled and revolutionized genome editing (19,
20). Despite its rapid adoption in eukaryotic genome editing, the relatively slow pace
of CRISPR technology deployment in prokaryotic genome engineering (21) is attrib-
uted to technical barriers such as Cas effectors cytotoxicity and limited DNA repair
mechanisms typically present in bacterial genomes (22). Nonetheless, several studies
have reported successful application of CRISPR-based genome editing in bacteria, espe-
cially hinging on the combination of homologous recombination of DNA templates
and DNA targeting by a programmable CRISPR nuclease (23–26).
For bacteria such as Lactobacillus and Clostridium that are enriched with functional

CRISPR-Cas systems, the endogenous system can be repurposed for genome engineer-
ing by delivering a repair template alongside a self-targeting CRISPR array (11, 27).
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Despite the characterization of endogenous CRISPR-Cas sys-
tems (10, 28), CRISPR-based genome editing has yet to be
achieved in Bifidobacterium. Unlike other genetically tractable
bacteria, Bifidobacterium manipulation is hindered by a rela-
tively limited transformation and molecular biology toolbox
(29), exacerbated by a refractory cell wall structure, an abundance
of restriction and modification (R-M) systems, and lack of a uni-
versal replicon that replicates in a wide range of Bifidobacterium
species (30, 31). Altogether, these limiting factors hamper our
ability to investigate and manipulate this important genus, and
novel molecular tools will enable the engineering of Bifidobacterium
strains with enhanced probiotic efficacy and the development of
biotherapeutic applications.
Here, we illustrate how B. animalis subsp. lactis can be engi-

neered via both an endogenous type I-G system and an exoge-
nous base editor, in a programmable and strain-dependent
manner, and characterize the endogenous type I-E CRISPR-
Cas system in B. longum subsp. infantis. We highlight the need
to individualize the deployment of molecular tools for this recal-
citrant species given the variable methylation patterns across
select strains that possess otherwise monomorphic genomes. Col-
lectively, these findings show that CRISPR-based genome edit-
ing strategies should be customized for individual strains, taking
both genomic and epigenomic contexts into consideration,
which presumably alter genome accessibility and editing out-
comes. These insights provide a framework for future studies of
bifidobacteria, the deciphering of their probiotic efficacy, and
their genomic enhancement to manipulate the gut microbiome
composition and function for enhanced human health.

Results

Characterization of Endogenous Bifidobacterium CRISPR-Cas
Systems. To verify that the endogenous CRISPR-Cas systems
previously characterized (10, 28) are actively expressed, we
studied the transcriptional profile of B. animalis subsp. lactis
DSM 10140, carrying a type I-G system, and B. longum
DJO10A, carrying a type II-C system, through RNA-seq analy-
ses. In the type I-G system, the cas4-cas1 fusion was expressed
in a monocistronic transcript whereas the cascade (cas2-csb1-
csb2-csb3) and cas3 genes were expressed in a polycistronic tran-
script (Fig. 1A). Furthermore, small RNA analysis of the type
I-G revealed a mature crRNA structure encompassing a 50 han-
dle consisting of 8 nucleotides (Fig. 1B), similar to the canoni-
cal crRNA processed by endoribonuclease Cas6 (32). Regarding
the type II-C system in B. longum DJO10A, a polycistronic

transcript was observed for the cas operon (Fig. 1C). The
crRNA:tracrRNA duplex structure was bioinformatically pre-
dicted based on the cleavage sites (Fig. 1D). The RNA-seq
results confirmed that these systems are actively transcribed
during the exponential growth phase.

Next, we validated the functionality of the type I-G system
in vitro using an Escherichia coli (E. coli) cell-free transcription-
translation (TXTL) system by measuring reductions in fluores-
cence caused by Cascade targeting and subsequent transcriptional
repression of gfp (Fig. 2A) (33). Unexpectedly, none of type I-G
Cascade plasmids demonstrated GFP repression using any of the
predicted PAMs (50-TAN-30) (Fig. 2B). However, type I-G Cas-
cade targeting combined with Cas3-mediated cleavage signifi-
cantly repressed the GFP fluorescence by 60.6% compared to the
nontargeting control when the 50-TAT-30 PAM was used while
other PAMs remained ineffective (Fig. 2B). This result indicated
that Cas3 might be required to form a functional Cascade in
type I-G systems, which contradicts with the common under-
standing that type I Cascade recruits Cas3 protein upon recogni-
tion and hybridization of the target DNA with the crRNA (34).

To verify Cas3 is also required for Cascade formation specific
to type I-G, we then tested the type I-E system of B. longum
subsp. infantis Bi-26 in TXTL. Significant fluorescence repres-
sion was observed with type I-E Cascade targeting, using either
50-CAAG-30 or 50-GAAG-30 PAMs (Fig. 2C). The addition of
cas3 lead to increased GFP repression using adenine-rich
PAMs, particularly in the case of a 50-TAAA-30 PAM, for
which GFP expression was down to 34.2% compared to the
nontargeting control. Further research is required to investigate
whether the augmented GFP repression using a 50-TAAA-30
PAM was via the Cas3-mediated Cascade stabilization and
improved tolerance for less ideal PAMs, or simply a result of
GFP cleavage from the Cas3 nuclease.

We then performed plasmid interference assays to verify the
predicted PAMs and functionality in vivo. In contrast to the
TXTL results, plasmid interference results showed that the endog-
enous type I-G system can recognize and cleave foreign plasmids
carrying a protospacer flanked by either a 50-TAT-30 or a
50-TAC-30 PAM, decreasing the transformation efficiency by
over two log units compared to the empty (nontargeted) vector
(Fig. 2D). This discrepancy further suggested that, although
TXTL can provide a rapid preliminary characterization and read
out, in vivo testing is essential for systems isolated from distantly
related bacteria such as Bifidobacterium.

Intriguingly, no significant reduction in transformation effi-
ciency was observed in the type I-E plasmid interference assay

Fig. 1. CRISPR-Cas systems transcription profiles based on RNA-seq data. (A) Transcriptional profile of the type I-G CRISPR locus in B. lactis DSM 10140, with
mRNA in blue and small RNA (smRNA) in yellow. (B) Mature type I-G crRNA determined by smRNA sequencing (smRNA-seq). The pre-crRNA processing sites
are indicated by black arrows. The spacer sequence is highlighted in red and the repeat sequence is underlined, with the cleaved sequence in gray and
retained sequence in black. (C) Transcriptional profile of the type II-C CRISPR locus in B. longum DJO10A. (D) Mature type II-C crRNA and tracrRNA determined
by smRNA-seq, along with the predicted crRNA:tracrRNA duplex.
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using a 50-GAAG-30 PAM, the strongest PAM predicted using
TXTL. Upon further analysis of the surviving transformants,
we discovered that all screened colonies (8/8) contained a
mutated 50-GAAG-30 PAM sequence in the plasmid, while the
control plasmid did not possess any mutations (Fig. 2E), sug-
gesting a high level of selective pressure from the endogenous
type I-E system recognizing the 50-GAAG-30 PAM. Mutation
in PAM sequences can be an escape mechanism to avoid
CRISPR cleavage (35) and still enable survival under antibiotic
pressure. Notably, B. infantis Bi-26 transformed less efficiently
with the shuttle vector pTRK1278 (∼1 × 102 colony-forming
unit [cfu]/μg), compared to B. lactis DSM 10140 (∼5 × 103

cfu/μg), as a reminder of the necessity for transformation opti-
mization across different species. Overall, these results showed
that the endogenous CRISPR-Cas systems in Bifidobacterium
are active and functional despite the lack of spacer diversity
across strains (10), providing an opportunity to repurpose these
systems for genome editing.

Generating Large Deletions Using Endogenous CRISPR-Cas
Systems. Next, we investigated whether the type I-G system can
be repurposed to generate large, naturally occurring deletion
events, as previously demonstrated in Streptococcus (36). The aim
of the experiment was to target regions devoid of essential genes
and flanked by homologous sequences to select for rare variants
in which the expendable island is removed, by killing cells carry-
ing the target sequence using a self-targeting CRISPR array. By
mapping important features on the DSM 10140 genome,
encompassing mobile genetic elements, defense islands, essential
genes, known epigenetic modifications, and transcriptional level,
we tested the feasibility of selecting for expendable genomic island

removal using CRISPR self-targeting (Fig. 3A). Genomic regions
lacking essential genes and/or flanked by potential transposases
were identified as potential islands to be targeted. Accordingly, a
CRISPR array targeting either lacI (island 1) or lacA (island 2)
was cloned into pTRK1278, generating CRISPR targeting plas-
mids (Fig. 3B). Self-targeting showed a high level of cytotoxicity,
lowering the transformation efficiency by over 2 orders of magni-
tude (Fig. 3C).

We screened the survived transformants and found no
single-nucleotide polymorphism (SNP) or genomic mutations
that may circumvent CRISPR targeting. Rather, colonies
appeared to lack the spacer target gene (lacI or lacA), and were
subsequently subjected to genomic DNA sequencing, revealing
a 27-kb island 1 deletion (strain NCK2929) and a 25-kb island
2 deletion (strain NCK2930) (Fig. 3D). The deletion events
were confirmed through polymerase chain reaction (PCR),
using primers flanking the expendable island, generating a 1.5-
kb deletion amplicon (Fig. 3E). Predictably, such deletion
amplicons were also observed from the wild-type population,
suggesting that these islands can naturally, albeit rarely, occur.
Indeed, island 1 encoding lacI naturally excises from the
genome, mediated by two homologous copies of IS2001
(99.9% sequence identity over a 1.4-kb fragment) flanking the
island 1 (Fig. 3F). On the contrary, natural deletion of island 2
encoding lacA was not observed in the wild type (Fig. 3E), sug-
gesting this deletion either did no preexist in the population or
may occur at an extremely low rate that cannot be detected via
PCR. The only homologous sequences found flanking island 2
were two copies of 100% identical 11-bp sequence, the short
length of which likely contributed to the low recombination
efficiency. Yet, this illustrates how microhomologies may yield

Fig. 2. Functionality of endogenous CRISPR-Cas systems in Bifidobacterium. (A) A schematic diagram of CRISPR-Cas system characterization using a cell-free
transcription-translation (TXTL) system. (B, C) Characterization of type I-G and type I-E functionality in TXTL, respectively. The relative fluorescence reported
in the bar graphs is calculated by dividing the background-corrected fluorescence of targeting spacer by the nontargeting spacer at the 16 h end point. (D, E)
Plasmid interference assay of type I-G and type I-E system in Bifidobacterium, respectively. (F) Sanger sequencing revealed that the surviving colonies in Bi-26
(type I-E) transformation with 50-GAAG-30 PAM carried mutations in the PAM sequence but not in the negative control associated with a 50-ATGT-30 PAM.
Data shown in the bar graphs represents the average of three independent biological replicates (except for E where two biological replicates were per-
formed), with the SD displayed as error bars. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 based on Welch’s t test to compare the sample average
with the negative control.
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such large deletion events, expanding the possible realm of
inducing island removal by homologous recombination between
homologous sequences. Both expendable islands encompassed
genes related to carbohydrate metabolism (SI Appendix, Fig. S1),
and the two large deletion mutants possessed different carbohy-
drate metabolism profiles compared to the wild type, predictably
(SI Appendix, Fig. S2). While NCK2929 was not capable of
metabolizing xylose, amygdalin and gentiobiose, NCK2930 only
lost the ability to ferment gentiobiose. This result underlined
that genome decay and genomic content loss via recombination
can lead to minimization of genomes and loss of metabolic path-
ways. We also tested three more targets (a prophage remnant
gene, malQ, lacZ) in other potential islands but observed no
deletion events under the experimental conditions we tested.
Altogether, these data suggested that CRISPR-based screening
provides a feasible route to select for rare natural variants within
the bacterial population, opening avenues to select for preexist-
ing natural events that may not fall under some of the strict reg-
ulatory frameworks that apply to genetically modified organisms
in various applications encompassing food.

Repurposing the Endogenous Type I-G System for Genome
Editing. Some Bifidobacterium strains are naturally resistant to
tetracycline, conferred by the tet genes encoding for ribosomal
protection proteins (37, 38), posing a potential risk for hori-
zontal transfer of antibiotic resistance cassettes. We unsuccess-
fully attempted to screen for a natural tetW deletion variant,
presumably due to the essential genes predicted in the neigh-
boring region. This is consistent with recent findings indicating
that tetW and an adjacent IS5-like element are stable within the
B. animalis subsp. lactis genome (39). We thus repurposed the
endogenous type I-G system to delete the tetW gene in B. lactis,
to resensitize the strain for safer probiotic usage. Initial attempts
to engineer B. lactis proved challenging, even using large homolo-
gous arms (up to 3 kb each), testing various spacer designs, using
replicons with different copy number, and utilizing various plas-
mids and plasmid designs. These challenges were compounded

by historical reports of low transformation efficiency, attributed
to the active R-M systems that cleave foreign nucleic acids upon
recognition of restriction sites (40). Indeed, the shuttle vector
pTRK1278 was predicted to contain several recognition sites
including the two main R-M systems (BanLI recognizing
50-GGW5mCC-30 and BanLII recognizing 50-RTC6mAGG-30),
as previously reported (41). We thus strategically designed a
spacer targeting the 50end of tetW gene, in combination with
600-bp flanking homologous arms, avoiding the predicted R-M
sites to ensure a relatively high transformation efficiency (Fig. 4A
and B). Transformation with tetW targeting CRISPR array was
lethal with less than five colonies recovered in each transforma-
tion (Fig. 4C). The addition of repair templates overcame the
Cas3-based cleavage and triggered genome editing to generate a
500-bp-deletion in the ΔtetW mutant NCK2931 (Fig. 4D and
E). We were able to repeat this deletion in three independent
experiments, with various efficiencies (1/49, 1/22, 1/25). The
500-bp-deletion included the promoter sequence, the start codon
and a portion of the 50 end of the tetW gene, restoring sensitivity
to tetracycline at concentration as low as 1 μg × mL�1 (Fig. 4F).
This result showed that in order to achieve genome editing in
recalcitrant bacteria such as Bifidobacterium, a combined approach
considering both genomic and epigenomic context is necessary.

A CRISPR Cytosine Base Editor Can Introduce SNPs in
Bifidobacterium. Repurposing the endogenous CRISPR-Cas sys-
tem to genome editing requires extensive characterization and
validation of the system and is not scalable or broadly applicable
to bacteria, since approximately half of all bacteria lack a
CRISPR-Cas system (42), and it is unclear what portion of
endogenous systems is actually active. Therefore, we applied a
CRISPR-based cytosine base editor (CBE), a fusion system of a
cytidine deaminase APOBEC-1 and a SpCas9(D10A) nickase
previously developed by the Ji group (Fig. 5A) (43), for portable
base editing in Bifidobacterium.

A protospacer at the 50 end of the tetW was targeted, in
which a cytosine was in the editing window (the first 3–8

Fig. 3. Repurposing the endogenous type I-G CRISPR-Cas system to generate large deletion events in Bifidobacterium. (A) The DSM 10140 genome was
mapped with predicted essential genes (black), insertion sequence (IS) (red), and predicted islands (gray). (B) The CRISPR-based large deletion screening plas-
mid, a pBC1-based shuttle vector expressing a CRISPR array driven by the native leader. (C) Plasmid transformation efficiencies. **P < 0.01, based on Welch’s
t test to compare the self-targeting average transformation efficiency with the random control. (D) Genome sequencing revealed that by targeting lacI and
lacA using the endogenous type I-G system, large deletion events (27 kb and 25 kb, respectively) were observed. (E) PCR amplicons generated from combina-
tions of internal and flanking primers. (F) Schematic overview of the recombinogenic deletion events.
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nucleotide at the 50 end of the protospacer) (Fig. 5B). We
screened 20 recovered colonies and over half (12 out of 20)
showed the intended C•G-to-T•A mutation, or a coexisting
mixed population of mutant and wild type (Fig. 5B). The
g.682C > T mutation lead to a p.Gln228Ter nonsense muta-
tion, rendering the mutant strain NCK2932 sensitive to tetra-
cycline (Fig. 5C). We did not observe any significant difference
in tetracycline sensitivity between the ΔtetW deletion mutant
(NCK2931) and the p.Gln228Ter mutant (NCK2932), indi-
cating the base-editing strategy can efficiently remove the anti-
biotic resistance and restore tetracycline sensitivity.
To demonstrate the portability of the CBE, we then gener-

ated base editing in four other B. lactis probiotic strains, albeit
with different editing efficiencies across strains (Fig. 5D). Sur-
prisingly, a high level of unintended editing (C•G-to-A•T) was
observed for over half of the screened colonies, which was not
observed in DSM 10140 (Fig. 5D). Alignment of the native
uracil-DNA glycosylase (udg) gene from the five B. lactis strains
revealed a cytosine insertion at the g.351 position of the udg
gene in DSM 10140, generating a frameshift mutation (Fig.
5E). This SNP in DSM 10140 was also confirmed by the RNA
sequencing (RNA-seq) reads. This resulted in lower efficiency
of base editing in other B. lactis strains, in which a functional
UDG can initiate base-excision repair (BER), generating the
conversion of U•G to the wild-type C•G or incorrect A•G.
New generations of CBE fused with an uracil glycosylase inhib-
itor (44) should be implemented in Bifidobacterium to improve
editing efficiencies. This result also showed that a single SNP
could lead to significant differences in genome editing efficien-
cies, emphasizing the necessity of strain-resolution approach for
genetic modification in recalcitrant bacteria. This is noteworthy
given the documented homogeneity of B. lactis genomes and
their near identity at the genome-wide level in numerous pol-
ished genomes.

Epigenetic Analysis Revealed Strain-Level Variation in B. lactis
Methylation Pattern. In order to investigate potential factors
involved in the observed differences in base editing efficiencies,
as well as the substantial variations in transformation efficien-
cies among B. lactis strains that are otherwise genomically
nearly identical (SI Appendix, Fig. S3), we next investigated
their epigenomes. Comparative genomic analysis revealed that
although all five B. lactis strains harbor the same methylation
cassettes, consisting of 6mA and 5mC methyltransferases, mul-
tiple SNPs were found in genes or regulatory elements related
to the R-M systems in DSM 10140. We hypothesized that
these SNPs might affect the overall epigenomes and the cognate
restriction profile of strains, resulting in higher genetic accessi-
bility for DSM 10140 compared to other B. lactis strains. To
reveal methylation patterns in B. lactis, particularly 5mC modi-
fication that can be overlooked using the traditional approach,
we sequenced native and PCR-amplified genomic DNA from
each strain using Oxford Nanopore Technologies and analyzed
the nanopore current differences using Nanodisco (45). In
accordance with motifs described in previous work (41), de novo
motif characterization showed that 50-GGW5mCC-30 and
50-RTC6mAGG-30 motifs are present in all B. lactis strains indi-
cated by strong machine learning prediction scores against the
training dataset (Fig. 6A). Remarkably, and unexpectedly, we
also observed a group of 5mC motifs that are shared by B. lactis
strains and B. longum subsp. infantis Bi-26, indicating cross-
species methylation motifs (Fig. 6A and SI Appendix, Fig. S4).
These newly discovered motifs had various neural network pre-
diction scores across strains with many prediction scores consis-
tent with the motif training set (Fig. 6A and B), albeit lower
than scores of the previously established motifs 50-GGW5mCC-30
and 50-RTC6mAGG-30.

To confirm methylation patterns are strain-specific, we used
several tools within Nanodisco to measure the strength of the

Fig. 4. Repurposing the endogenous type I-G CRISPR-Cas system for genome editing in Bifidobacterium. (A) Plasmid pTRK1278, a pBC1-based E. coli–Bifidobacte-
rium shuttle vector, was used to generate CRISPR-based genome editing in Bifidobacterium. (B) Schematic overview of a 500-bp-deletion containing the promoter
region, start codon and the 50 portion of tetW. The CRISPR array expresses a spacer matching the 50 end of tetW (within the deletion region, indicated in red),
flanked by a 50-TAT-30 PAM. (C) Plasmid transformation efficiencies. **P < 0.01, ***P < 0.001 based on Welch’s t test to compare each plasmid transformation
efficiency with the positive control pTRK1278. (D) Chromatogram profiles demonstrating the 500-bp-deletion was achieved in B. lactis DSM 10140 by repurposing
its native type I-G CRISPR-Cas system. (E) PCR amplicons generated from flanking primers revealed a 500-bp-deletion in the ΔtetW mutant NCK2931 compared to
the wild type. (F) The minimal inhibitory concentration (MIC) test demonstrated that the 500-bp-deletion rendered the mutant sensitive to tetracycline.
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methylation signals of the various motifs: meme level, neural
network prediction against the training dataset, and metage-
nomic binning scoring. Some motifs only were strong enough
to be detected by meme input, but not through machine learn-
ing prediction (Fig. 6B). Specifically, Bl-04 and B420 had
occurrences where the motifs were modified in combination
that affected overall smooth values of current differences,
whereas DSM 10140 and Bi-07 did not. This is shown by mul-
tiple motifs in a single meme level (SI Appendix, Fig. S4) and
could indicate stronger overall methylation in Bl-04 and B420.
However, the Bl-04 replicates showed different meme motifs
and neural network prediction scores, indicating testing with
more replicates is needed. Since the 50-GGW5mCC-30,
50-RTC6mAGG-30, and 50-MK5mCAYSRNNNNS-30 motifs
were detected in the meme analysis for all B. lactis strains, and
the Bl-04 replicates (Fig. 6B), binning scores were calculated for
each strain and Bl-04 replicates. The 50-GGW5mCC-30 and
50-MK5mCAYSRNNNNS-30 motifs revealed significant differ-
ences between binning scores of DSM 10140 and the other
strains (Fig. 6C). Interestingly, the 50-MK5mCAYSRNNNNS-30
motif was not significantly different between DSM 10140 and
Bi-26, which are different species. No significant differences in
binning scores were observed for 50-RTC6mAGG-30 motif, nor
were there significant differences in the binning scores of the
Bl-04 replicates in all three motifs. This indicates that binning
score is a useful metric to distinguish strain-specific methylation
patterns, which are different between highly genomically similar
strains of B. lactis.
The methylation motif patterns were then assessed for their

effects on genome editing. The crRNAs used for editing the

tetW region and the lac islands were designed to avoid the
50-GGWCC-30 and 50-RTC6mAGG -30 motifs (Fig. 6D and
E), however, after epigenomic screening, we noted that the lacA
protospacer overlapped with the 50-MK5mCAYSRNNNNS-30
motif (Fig. 6D). Nonetheless, the lacA deletion was successful,
which may indicate partial methylation or that the motif was
from an orphan methyltransferase. To investigate if the overall
epigenome contributes to the low genetic accessibility in non-
model B. lactis strains, we mapped the 50-GGW5mCC-30,
50-TC6mAGG-30, and 50-MK5mCAYSRNNNNS-30 degenera-
tive motifs to the shuttle vector pTRK1287 sequence (Fig. 6F).
When mapping all motifs discovered by Meme for each strain
(SI Appendix, Fig. S4), we observed that due to the degenerative
nature of the motifs, over 40 recognition sites belonging to
Bl-04 and B420 were mapped to pTRK1287 whereas less than
20 motifs belonging to DSM 10140 and Bi-07 were mapped
(SI Appendix, Fig. S5). This may explain the different transfor-
mation efficiencies observed among the strains, although the
methyltransferases responsible for these motifs and their cog-
nate endonucleases remain to be discovered and will require
further investigation.

Discussion

The molecular mechanisms underpinning Bifidobacterium probi-
otic efficacy, especially host colonization, metabolic repertoire,
immunogenicity and safety, have been increasingly studied over
the past decade (1). This progress has mainly been driven by
advances in next generation sequencing technologies along
with a burst of omics-based research encompassing genomics,

Fig. 5. Application of a portable CRISPR-Cas cytosine base editor for genome editing in Bifidobacterium. (A) The nCas9-APOBEC-1 fusion along with a sgRNA
was cloned into pTRK1278, generating the base editing plasmid pTRK1284. (B) Schematic overview of the cytosine base editor introducing C•G-to-T•A muta-
tion in tetW in B. lactis DSM 10140. The sgRNA targets a protospacer flanked by a 50-NGG-30 PAM at the 50 end of tetW, targeting the fifth nucleotide within
the protospacer. (C) MIC testing revealed that the p.Gln228Ter nonsense mutation rendered the mutant NCK2932 sensitive to tetracycline. (D) The portable
base editor generated C•G-to-T•A mutation in B. lactis strains with various efficiencies. (E) Alignment of the uracil-DNA glycosylase coding sequence (udg)
from all five B. lactis strains revealed a c.351_delinsC insertion in DSM 10140.
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transcriptomics, proteomics, and metabolomics (46, 47). However,
the development of robust genome modification systems for
Bifidobacterium has been lagging with a paucity of reports in
select species (30, 31), hindering the functional analysis of spe-
cific genes and the development of next-generation probiotics
with enhanced efficacy. Although CRISPR-based editing tools
have been established for a range of beneficial bacteria including
Lactobacillus (23) and Clostridium (27), successful application

of CRISPR-mediated editing in Bifidobacterium has yet to be
reported. To date, knockout studies have only been performed
in a relatively limited number of Bifidobacterium strains, such as
B. breve UCC2003 and B. longum 105-A, to study the molecular
mechanism of bacteria-host interactions including gut coloniza-
tion (48) and human milk oligosaccharides (HMOs) metabolism
(49). The CRISPR-based genome editing platform established in
this study can enable the genesis of specific knockout mutants

Fig. 6. Epigenomic mapping of Bifidobacterium to assess genomic context variability. (A) The expected motifs of B. lactis and B. infantis, as well as a de novo
5mC motif that is shared between the species, are shown with neural network (NN) scoring using Nanodisco. (B) The heatmap shows the NN scoring predic-
tion for each motif in the various strains. Red boxes indicate the fine mapping locations in the motifs. White boxes indicate the motif was detected de novo
with MEME, but was below NN prediction scoring, while gray boxes show the motif was not detected de novo with MEME. (C) The metagenomic binning
scores across the genomes of all strains are compared using one-way ANOVA with DSM 10140 as the control (**P < 0.05, ***P < 0.001, ****P < 0.0001).
(D) Three methylation motifs 50-GGW5mCC-30 (gray), 50-RTC6mAGG-30 (red), and 50-5mCACC-30 (blue) were mapped across (D) the lac islands in B. lactis DSM
10140, (E) the tetW and IS5-like element region in DSM 10140, and (F) plasmid pTRK1278 using Geneious Prime. Green regions show transposase sequence
for lacI island, and homologous sequences for lacA island. The deletion repair templates for the tetW region are shown below the gold gene annotations as
blue arrows for base editing and green arrows for endogenous CRISPR-Cas targets.
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broadly in other genetically refractory Bifidobacterium species
such as B. bifidum (50). In the future, this could be useful to
determine and enhance probiotic efficacy in this diverse and
important probiotic genus.
Here, we characterized multiple CRISPR-Cas systems previ-

ously identified in the Bifidobacterium genomes (10). The type
I-G CRISPR-Cas system, recently renamed from the type I-U
system (42), has been relatively understudied, although it is
generally a more compact system with potential for portability.
DNA targeting by a type I-G CRISPR-Cas system was previ-
ously described in Pyrococcus furious (51). It was suggested that
the type I-G ribonucleoprotein (crRNP) complexes form and
bind to target DNA without Cas3 nuclease (52). This contra-
dicts with the TXTL data in our study, suggesting that the
Cas3 protein was in complex with the type I-G Cascade in B.
lactis. Although Cas3 is usually a stand-alone nuclease in most
type I systems, Cas3 fusion proteins have also been described in
the literature (53–56). In particular, it was previously docu-
mented that a Cas2-Cas3 fusion protein interacts with Cas1,
suggesting Cas3 is involved in spacer acquisition besides inter-
ference (53). Additionally, a Cas2-Cas3 fusion may lead to a
more stable Cas3-Cascade complex in the type I-F system (54).
The variation in effector interaction may result in different
underlying mechanism among systems. Further study will be
needed to determine the exact structure and the occurrence of
Cas3 fusion proteins in the type I-G system in Bifidobacterium.
Harnessing the proper DNA repair mechanisms is crucial to

obtain the desirable mutations. Besides the broadly discussed
nonhomologous end joining (NHEJ) repair and homology-
directed repair (HDR) mechanisms, there are other pathways
that may contribute to genome editing outcomes. Of note,
microhomology-mediated end joining (MMEJ) repair, hinging
on the local target site sequence, can deliver precise template-
free deletions using short stretches of homologous sequences
that flank the cleavage site. Indeed, it was previously reported
that over half of the Cas9-mediated double-stranded breaks
(DSB) are repaired through MMEJ in human cell line models
(57). Recently, this error-prone DSB repair mechanism was uti-
lized to enable genome editing in Zymomonas mobilis (58),
although there is a need to better characterize the factors driv-
ing MMEJ-based editing in bacteria. Previous studies have
established that CRISPR-based targeting can induce or screen
for large chromosomal deletion (59), as well as select for preex-
isting natural mutants lacking protospacer or PAM sequences
(36). Our results show that Cas3-based targeting can both
screen for preexisting natural mutants and induce large deletion
via a recombinogenic mechanism. These large deletion events
may contribute to the genome decay in B. lactis genomes, lead-
ing to loss of metabolic pathways (60). Alternatively, regions
that are not subject to recombinogenic events may indicate sta-
ble genomic infrastructure, as shown with the tetW and IS5-like
element discussed in this study. The nature of CRISPR-based
self-targeting can be exploited to develop a high-throughput
genome-wide screening platform. A CRISPR array library can be
designed to interrogate the bacterial genomes to study genotype-
phenotype association and select for natural variants with valu-
able attributes, opening new avenues to generate products not
subject to genetically modified organism regulations.
Yet, the lack of genetic tools for Bifidobacterium remains a

bottleneck for comprehensive studies of the molecular mecha-
nisms underpinning health-promoting effects, hindering the
development of next generation probiotics with enhanced effi-
cacy. Several strategies including homologous recombination
systems utilizing either nonreplicative plasmids or temperature

sensitive plasmids (61), random transposon-based mutagenesis
systems (62), as well as an inducible plasmid self-destruction
(IPSD)-assisted systems (63) have been reported. However, these
methods encompass various drawbacks such as random nontar-
geted mutations, extensive screening requirements, and limitation
to select host species. The challenges of adapting CRISPR-based
genome editing in Bifidobacterium range from CRISPR nuclease-
associated cytotoxicity to insufficient transformation efficiency
(22). Harnessing the endogenous CRISPR-Cas systems effectively
circumvents these issues by delivering a short CRISPR array in
combination with the desired repair templates (11, 59). Our
results show that by strategically designing the repair templates to
avoid predicted restriction sites, deletion can be achieved with
600-bp homologous arms, much shorter than the 3-kb arms
from the literature (64). Cas3-induced DNA cleavage initiated
the editing event as well as removed wild-type genotypes carrying
the protospacer. However, this can be lethal, and bacteria often
lack the adequate DNA repair mechanism to survive such dam-
age, even in the presence of repair templates. To compensate, we
applied a cytosine base editor to introduce SNPs independent of
recombination efficiency. Amazingly, a single SNP mutation in
udg resulted in a more efficient base editing for DSM 10140
compared to other strains, which highlighted how impactful sin-
gle nucleotide differences can be, when positioned in certain
genetic elements. In addition to the variation in CRISPR spacers
content, only a handful of nucleotide polymorphisms have been
identified among B. lactis strains (60), consisting predominantly
of nonsynonymous mutations. While some SNPs have been
linked to interstrain phenotypic differences (65), their relevance
to genomic modification efficiency is reported here for what
we believe to be the first time. Our results suggest that despite
genome homogeneity in B. lactis, engineering strategies should be
customized for each strain since the strain-to-strain variations can
result in drastically different genome accessibilities and genome
editing efficiencies, contrary to the common belief that universal
editing tools can be applied broadly, even in mixed bacterial pop-
ulations encompassing diverse genera and phylogenetic units.

Although target DNA sequences can significantly influence
genome editing outcomes, increasing evidence suggests that
methylation and other local features (e.g., chromatin) also
determine editing efficiency in eukaryotes (66, 67). However,
methylation presumably impacts delivery efficiency (40, 68),
although there is no systematic study of the impact of DNA
methylation on CRISPR-based genome editing efficiency in
bacteria. We speculate that the methylation pattern may play
an indirect role on editing efficiency by influencing the delivery
of CRISPR payloads into bacteria, perhaps rather than the tar-
geting efficiency per se. Other factors may be in play such as
nucleoid-associated proteins affecting bacterial chromosome
structure (69) and the impact of epigenetic patterns on expres-
sion level (70). Epigenetics is gaining increasing attention in
the field of probiotic bacteria (70). Over 200 R-M systems
have been identified in Bifidobacterium, recognizing the base
modifications N6-methyladenine (m6A), N4-methylcytosine
(m4C), and 5-methylcytosine (m5C) (71). Plasmid methylation
to circumvent the R-M systems and improve transformation
efficiency was reported previously in multiple Bifidobacterium
species including B. breve (72) and B. lactis (41). Two type II
R-M systems have been previously characterized in B. lactis (41).
The de novo methylation characterization in this study not only
confirmed the previous findings but also discovered 5mC motifs
distributed unevenly across the five B. lactis strains tested (Fig. 6),
presumably contributing to the observed differences in transfor-
mation efficiencies. Further research is necessary to link these
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motifs with associated methyltransferases and cognate restriction
enzymes (45). Remarkably, we also observed genus-level methyla-
tion motif conservation in different Bifidobacterium species. This
approach could be applied to metagenomic datasets to monitor
mobile elements and track genes of interest such as those respon-
sible for antibiotic resistance (45). The conservation of DNA
methylation in bacteria is being increasingly discussed but the
functional relevance has yet to be revealed (73). We wonder
whether the conserved methylation patterns observed in this
study between B. lactis and B. infantis, two distantly related spe-
cies (74), may provide some fundamental cell regulatory function
beyond just defense systems. Nonetheless, the different methyla-
tion profiles across the strains contributed to the different genome
accessibilities among strains. Moving forward, the development
and adaptation of CRISPR tools should be customized in a
strain-specific manner, to enable future studies of Bifidobacterium
genetics and their health-promoting effects in human health.
Altogether, our data reveal a unique dynamic in bacteria recalci-
trant to genome engineering, in which both genomic and epige-
nomic context can influence editing efficiency and outcomes,
highlighting the need to individualize strategies and designs.

Materials and Methods

Bacterial Strains and Growth Conditions. All bacterial strains used in this
study are listed in SI Appendix, Table S1. The detailed bacterial culture condition
is described in SI Appendix, Supplementary Materials and Methods.

Genome Sequencing and Assembly. The bacterial genomic DNA was isolated
using the DNeasy PowerLyzer Microbial Kit (Qiageny) and was sequenced in the
Flongle Flow Cell R9.4.1 (Oxford Nanopore Technologies) using the Ligation
Sequencing Kit (SQK-LSK109). The detailed sequencing and assembly method is
described in SI Appendix, Supplementary Materials and Methods.

RNA Extraction and RNA Sequencing Analysis. The total RNA of Bifidobac-
teria was isolated using the Zymo Direct-Zol RNA Miniprep Kit (Zymo Research)
and sequenced at the Roy J. Carver Biotechnology Centre following the protocol
as described previously ((11)). The detailed RNA-seq analysis method is
described in SI Appendix, Supplementary Materials and Methods.

Methylome Analysis (Nanopore and Nanodisco). The strategy of epige-
nomic analysis followed the Nanodisco method as previously described (45). The
detailed epigenomics methods are described in SI Appendix, Supplementary
Materials and Methods.

Construction of pTRK1278, a pBC1-Based E. coli–Bifidobacterium Shuttle
Vector. All plasmids, duplexes, and oligonucleotides used in this study are
listed in SI Appendix, Tables S1 and S2. Plasmid pTRK1278 was constructed fol-
lowing a similar strategy of pAM1 construction as previously described (75). The
detailed cloning method is described in SI Appendix, Supplementary Materials
and Methods.

DNA Manipulation and Transformation. Chemically competent E. coli cells
and heat shock transformation were prepared as previously described (11).
Bifidobacterial transformation was performed as previously described (64). The
detailed DNA manipulation and transformation method is described in SI
Appendix, Supplementary Materials and Methods.

Characterization of Endogenous CRISPR-Cas Systems In Vitro Using
TXTL. The endogenous CRISPR-Cas systems in Bifidobacteria were characterized
using TXTL (Daicel Arbor Biosciences) as previously described (33). The detailed
method is described in SI Appendix, Supplementary Materials and Methods.

Plasmid Interference Assay. The plasmid interference assay for then endoge-
nous CRISPR-Cas systems was performed as previously described (11). The
detailed plasmid interference assay is described in SI Appendix, Supplementary
Materials and Methods.

Repurposing the Endogenous Type I-G System to Generate Large-
Deletion Events. The potential expendable islands in B. lactis DSM 10140
were predicted as previously described in Streptococcus (36). Within the pre-
dicted islands, protospacers flanked by a 50-TAT-30 PAM on the 50end was
selected for the endogenous type I-G CRISPR targeting. The detailed method is
described in SI Appendix, Supplementary Materials and Methods.

Repurposing the Endogenous Type I-G System for Genome Editing. A
pTRK1278-based plasmid carrying a type I-G CRISPR array targeting the 50 end
of tetW ORF and a 1.2-kb repair template was constructed to generate a 500-bp
deletion in B. lactis DSM 10140. The detailed construction method is described
in SI Appendix, Supplementary Materials and Methods.

Constructing the CRISPR Base Editor Plasmid for Base Editing. The
CRISPR cytosine base editor along with the sgRNA, amplified from plasmid
pnCasPA-BEC (Addgene plasmid #113349) (43), was cloned into pTRK1278,
generating the pTRK1284, which served as the base plasmid for all subsequent
base editing experiments. The detailed construction method is described in SI
Appendix, Supplementary Materials and Methods.

Statistical Analyses. Three independent biological replicates were performed
and the average was used to represent the data in the bar graphs along with the
error bars representing the SD. To test the null hypothesis that the two groups
had equal means, a Welch’s t test was performed to analyze the data distribution
and determine the difference between the group means were significant or not.
A P value <0.05 was considered statistically significant. The statistical analyses
were performed in R studio, v1.2.5. For the epigenomic analysis, one-way
ANOVA with Tukey’s multiple comparison test was performed in Prism v.
9.3.1 (GraphPad).

Data Availability. The RNA-seq and DNA-seq data of Bifidobacteria studied
in this paper was deposited in the NCBI Short Read Archive database,
under the BioProject ID PRJNA811526 (76). The SRA accessions number are
SAMN26342519–SAMN26342528 (77, 78). The raw Nanopore sequencing
native and amplified current difference files and metagenomic binning
score outputs are available upon request.
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