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CRISPR-based systems have revolutionized genome editing by enabling precise and efficient genetic modifica-
tions. However, achieving multiplex genome editing remains challenging due to limitations in encoding, tran-
scribing, and processing multiple single-guide RNAs (sgRNAs) in repetitive DNA arrays. In this study, we present
the RiboJ-Aided Multiplexed Base Editing (RAMBE) system and its advanced iteration, the Non-Repetitive
RAMBE (NR-RAMBE) system, designed for efficient and scalable multiplex genome engineering in Escherichia
coli. The RAMBE system leverages RiboJ insulators to autonomously process sgRNA arrays, enhancing sgRNA
maturation and enabling simultaneous multi-gene editing. We demonstrate editing of up to six endogenous genes
in E. coli Nissle 1917 (EcN) in a single step, achieving high target-specific efficiencies of up to 100%, depending
on the target and context. This multiplex editing enabled robust butyrate production and improved acetate
utilization in engineered EcN strains. Building on this, the NR-RAMBE system incorporates diverse ribozymes and
engineered non-repetitive sgRNA handles to minimize sequence repetition. This design reduced synthesis
complexity and enabled simultaneous editing of six genomic loci with efficiencies comparable to those of the
RAMBE system. The NR-RAMBE system broadens the scope of CRISPR multiplexing by allowing precise and
scalable genome editing without labor-intensive sgRNA array assembly, paving the way for diverse large-scale
genomic applications.

1. Introduction scalability and reduces the efficiency of advanced CRISPR applications,

such as complex genome editing and transcriptional regulation [9].

Synthetic biology has transformed the design and engineering of
biological systems, enabling remarkable advancements in microbial cell
factories [1], cell-based therapies [2], living biomaterials [3], and
whole-cell biosensors [4]. These applications heavily rely on precise
genetic modifications to create or enhance specific functionalities.
CRISPR-based systems have revolutionized genome engineering due to
their exceptional programmability and efficiency [5-7]. The natural
multiplexing capability of CRISPR-Cas systems, which encode multiple
CRISPR arrays and express Cas proteins for spacer acquisition and array
processing, highlights their potential for simultaneous multi-gene edit-
ing [8]. However, the widespread reliance on individual sgRNAs limits
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To address these constraints, multiplexed strategies have been
developed to enable simultaneous editing at multiple loci. These
methods emulate the natural state of CRISPR systems by employing
parallel expression of multiple sgRNAs or Cas proteins, enhancing
modularity and scalability [9]. Recent developments have explored
multiple strategies to encode, transcribe, and process sgRNA arrays
more efficiently. One widely adopted approach encodes each sgRNA in
an individual expression cassette with its own promoter and terminator.
While this method has been successfully applied in yeast [10-12], plants
[13,14], and mammalian cells [15-17], it becomes infeasible for larger
sgRNA arrays due to structural complexity, reduced plasmid assembly
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efficiency, and uneven sgRNA expression [18]. Another strategy encodes
multiple sgRNAs in a single transcript, which can then be processed by
native CRISPR-Cas systems such as Cas12a and Cas13a [19-23]. These
Cas proteins possess intrinsic RNase activity, enabling them to effi-
ciently process crRNA arrays. A third strategy incorporates external RNA
cleavage sequences, including self-cleaving ribozymes and tRNA-
processing systems, to generate multiple sgRNAs from a single tran-
script in systems lacking RNase activity [18,24-30]. This method im-
proves sgRNA modularity and stoichiometry, facilitating multiplexed
gene editing across various hosts, including microorganisms [18,24],
plants [25], and mammalian cells [26]. In addition to arrayed sgRNA
strategies, alternative approaches such as degenerate guide RNAs or
guide RNAs incorporating universal bases have been developed to allow
Cas9 and Casl2a to recognize and cleave polymorphic sequences [31].

Despite these advancements, achieving precise and scalable multi-
plex genome editing remains a significant technical challenge because
current CRISPR-based approaches for multiplex genome editing typi-
cally rely on repetitive sgRNA arrays [5,32]. Repetitive DNA sequences
within sgRNA arrays complicate synthesis and assembly, while
increasing susceptibility to homologous recombination [33-35]. These
repetitive sequences provide homologous regions that promote RecA-
dependent or RecA-independent recombination and are prone to repli-
cation slippage during DNA replication, particularly on the lagging
strand. Such events can lead to deletions, rearrangements, or loss of
sgRNA cassettes, ultimately causing genetic instability [33,36,37].
Additionally, the co-expression of auxiliary processing enzymes, such as
Cas endonucleases (e.g., Csy4, Cas6) [24,27,28], can introduce cytotoxic
effects at high concentrations, further limiting the scalability of these
methods [38]. These issues constrain the scalability of CRISPR tech-
nologies, especially in applications such as redirecting metabolic fluxes
[32,37], performing large-scale genome rearrangements [39,40], and
probing gene regulatory networks [41,42].

To overcome these challenges, we developed the RiboJ-Aided Mul-
tiplexed Base Editing (RAMBE) system, which leverages RiboJ—a self-
cleaving ribozyme—to efficiently process sgRNA arrays and insulate
genetic elements. This system enables precise and simultaneous editing
of multiple genes from a single transcript. Building upon this platform,
we introduced the Non-Repetitive RAMBE (NR-RAMBE) system, which
incorporates diverse ribozymes and engineered non-repetitive sgRNA
handles to eliminate the limitations of repetitive DNA sequences. To
validate the utility of these systems, we focused on Escherichia coli Nissle
1917 (EcN), a well-studied probiotic strain known for its diagnostic and
therapeutic potential [43,44]. EcN’s resistance to genetic modifications
poses a significant challenge for broader applications [45]. Using the
RAMBE system, we achieved efficient and simultaneous multi-gene
editing in EcN, leading to enhanced butyrate production and opti-
mized acetate utilization. Furthermore, the NR-RAMBE system enabled
the scalable and cost-effective assembly of non-repetitive sgRNA arrays,
expanding the applicability of CRISPR multiplexing. These innovations
address critical limitations in genome editing and provide a robust
platform for transformative applications in synthetic biology, metabolic
engineering, and therapeutic development [6,7,37,38,46].

2. Results and Discussion
2.1. Establishment of a RiboJ-aided base editing system

To enhance the processing efficiency of synthetic sgRNA arrays, we
developed a RiboJ-aided base editing (BE) strategy. RiboJ acts as a ge-
netic insulator by cleaving the 5-untranslated region (UTR) of mRNA,
reducing unintended cis-interactions and increasing transcript abun-
dance [47]. Additionally, since E. coli promoters often generate multiple
transcription start sites (TSS) [48], the use of RiboJ helps standardize
sgRNA transcripts by removing heterogeneous 5-UTRs, ensuring
consistent sgRNA processing and activity. This feature makes RiboJ a
powerful tool for applications requiring precise control of gene
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expression. Traditionally, hammerhead (HH) and hepatitis delta virus
(HDV) ribozymes have been used for RNA cleavage [49,50]. These
conventional self-cleaving ribozymes are mainly employed for precise
RNA processing but often require sequence adaptation to the adjacent
spacer region to ensure efficient cleavage [49]. This requirement can
complicate construct design and potentially cause variability in pro-
cessing efficiency depending on the spacer sequence. In contrast, RiboJ
operates independently of spacer sequence context while providing both
insulation and RNA processing capabilities [47]. Moreover, RiboJ’s self-
cleaving activity is autocatalytic and does not require any external
inducer, enabling constitutive activity upon transcription. This dual
functionality makes RiboJ particularly valuable for robust and scalable
multiplex genome editing applications. Building on this, we further
repurposed RiboJ as an RNA processing element for sgRNA maturation
in this study. To directly compare the efficiency of RiboJ and HH ribo-
zymes, we designed a fluorescent reporter system in which the BE sys-
tem restored GFP expression by converting a silent start codon (ACG) to
ATG. BE2 (rAPOBEC1-dCas9-UGI) and silent gfp were expressed under
the Pj23100 promoter, while HH-sgRNA or RiboJ-sgRNA were expressed
under the Py promoter (Fig. S1A). BE efficiencies were quantified by
measuring GFP fluorescence. RiboJ-sgRNA processing yielded fluores-
cence values significantly higher than HH-sgRNA, with the latter
showing fluorescence levels 56 % lower under identical conditions
(Fig. S1B). These results highlight RiboJ’s superior sgRNA processing
efficiency, making it a highly effective tool for BE system.

We constructed BE plasmids expressing cytidine deaminase fused to
dCas9 (rAPOBEC1-dCas9-UGI) or nCas9 (rAPOBEC1-nCas9-UGI), along
with a RiboJ-sgRNA cassette driven by the Pj23100/tt0 promoter. Upon
anhydrotetracycline (aTc) induction, RiboJ efficiently cleaved upstream
sequences, generating functional sgRNAs for base editing (Fig. 1A). This
system was validated using sgRNAs targeting the endogenous ldhA gene
in EcN. Expression of RiboJ-sgRNA with BE2 (rAPOBEC1-dCas9-UGI) or
BE3 (rAPOBEC1-nCas9-UGI) proteins enabled C-to-T base conversions
at position 4 (counting the TGG PAM at positions 21-23) of IdhA
(Fig. 1B), increasing editing efficiencies from 0 % to 24 % for BE2 and
from 16 % to 59 % for BE3 after multiple culture transfers (Fig. 1C).
Given the higher efficiency of BE3, it was used for subsequent experi-
ments. Next, we assessed the metabolic impact of IdhA inactivation by
measuring lactate and pyruvate production. IdhA editing significantly
reduced lactate levels while increasing pyruvate accumulation, con-
firming the expected metabolic shift (Fig. 1D, 1E). To further validate
editing efficiency at the colony level, edited cell cultures were plated,
and ten colonies per condition were sequenced. The sequencing results
revealed inactivation frequency of 60 % for IdhA (Q18X) and 90 % for
ldhA (Q250X). These values were consistent with the population-level
editing efficiencies, which reached 59 % for Q18X and 100 % for
Q250X, as confirmed by overlapping C/T peaks in Sanger sequencing
data (Fig. 1F, 1G).

The general applicability of RiboJ-sgRNA processing was then
evaluated by targeting additional endogenous genes in EcN, including
IdhA, adhE, frdA, and pta (Fig. 1H). These genes encode enzymes
involved in byproduct (lactate, ethanol, succinate, and acetate) forma-
tion from glucose metabolism in EcN, and their inactivation is hypoth-
esized to increase intracellular acetyl-CoA levels, thereby enhancing
production of acetyl-CoA-derived products. For each gene, two sgRNA
designs were tested to optimize the C-to-T editing efficiency. Editing
efficiencies for other targets were similarly high: up to 94 % for adhE, 94
% for frdA, and 98.7 % for pta. However, efficiency for pta decreased
over successive culture transfers, likely due to growth disadvantages
associated with pta knockout (Fig. 1F). By improving sgRNA processing
and editing efficiency, the RiboJ-BE3 system demonstrated consistent
performance across single targets, validating its utility for genome
editing.
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Fig. 1. Establishment of a RiboJ-aided base editing system. (A) The basic structures of the BE2 and BE3 systems as well as the RiboJ-sgRNA cassette are illustrated.
Positioned downstream of the J23100/tetO promoter and upstream of a spacer sequence, the RiboJ component forms a part of the functional sgRNA in the RiboJ-
sgRNA cassette. This cassette, which targets endogenous ldhA gene, is expressed through the J23100/tetO promoter in conjunction with BE2 or BE3 proteins.
Following transcription, the primary RNA transcript undergoes self-cleavage by a RiboJ insulator, thereby generating functional sgRNA for base-editing alongside
BE2 or BE3 proteins. (B) Representative Sanger sequencing chromatograms of the PCR amplicons within the IdhA gene are displayed, post-base-editing at each
bacterial passage. The top DNA sequence represents the sgLdhAl target sequence and its corresponding PAM recognition sequence (signified by the purple box). The
black dotted rectangles highlight the target nucleotide and overlapping C/T peaks. The target CAG codon within the editing window is presented in a green box. (C)
The C-to-T editing efficiencies for IdhA target were evaluated for BE2 and BE3 at each bacterial passage, using the EditR program. The mean and standard deviation
(SD) of the data, collected from biological triplicates, are displayed. (D) The concentration of lactate in wild-type and ldhA-edited Escherichia coli Nissle 1917 (EcN)
strains (Q18Stop and Q250Stop) was determined. The extracellular lactate concentration was gauged through high-performance liquid chromatography (HPLC)
analysis after 24 and 48 h of cultivation in TB medium containing 10 g/L glucose, under micro-aerobic conditions. The mean and SD of the data, collected from
biological triplicates, are presented. (E) The concentrations of pyruvate in wild-type and IdhA-edited EcN strains (Q18Stop and Q250Stop) were measured in the same
way. (F) The simplex C-to-T editing efficiency was analysed for the introduction of a premature stop codon at the IdhA, adhE, frdA, and pta genes. The editing
outcomes were scrutinized when the RAMBE system with BE3 was expressed at each bacterial passage. Quantification of C-to-T editing efficiency of endogenous
genes for the two sets of sgRNAs was performed with the EditR program. The mean and SD of the data, collected from biological triplicates, are exhibited. (G) Sanger
sequencing of PCR amplicons from 10 colonies and their alignment to the reference sequences for target sequences of sgLdhAl and sgLdhA2 were performed. Base
editing took place at IdhA gene using BE3-sgLdhA1 (left) or BE3-sgLdhA2 (right) to introduce premature stop codons (Q18Stop or Q250Stop), respectively, and the
editing outcomes were verified using Sanger sequencing. The CAG codon within the editing window is highlighted in a green box, and the substituted bases are
indicated with the red box. (H) The target genes for the RiboJ-aided base editing system are outlined, including four genes (IdhA, adhE, frdA, and pta) that contribute
to the formation of byproducts from glucose in EcN. These genes encode a D-lactate dehydrogenase, an aldehyde-alcohol dehydrogenase, a fumarate reductase, and a
phosphate acetyltransferase, respectively. The mean and SD of the data, again collected from biological triplicates, are shown. Detailed raw data and p-values are
available in the Source Data File. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. RAMBE-driven multiplex genome editing for improved butyrate
production in EcN

Building on the success of single-target editing, we investigated
whether RiboJ-mediated sgRNA processing could enable efficient
multiplex editing of multiple genes from a single transcript. To achieve
this, we developed the RAMBE system, which combines the BE3 protein,
Pj23100/tet0 promoter, and a RiboJ-sgRNA array (Fig. 2A). This system
was validated by targeting multiple genes associated with metabolic
pathways in EcN.

The most efficient sgRNAs for IdhA and adhE, identified through
single-target experiments (Fig. 1F), were incorporated into a single
RiboJ-sgRNA array. Double-target editing achieved high C-to-T editing
efficiencies of up to 99.5 % for IdhA and 98 % for adhE. Similarly, for
frdA and pta, the RiboJ-sgRNA array achieved efficiencies of 84 % and
89 %, respectively (Fig. 2A). These results demonstrate the system’s
ability to process two sgRNAs from a single transcript, enabling simul-
taneous editing of two loci. To expand the system’s capacity, we
incorporated three sgRNAs targeting ldhA, adhE, and frdA into a single
RiboJ-sgRNA array. The system achieved multiplex C-to-T editing effi-
ciencies of 99.3 %, 97.3 %, and 97.3 %, respectively, across the three loci
(Fig. 2B). The RAMBE system was further tested for quadruple-target
genome editing by integrating sgRNAs targeting IdhA, adhE, frdA, and
pta. Multiplex C-to-T conversion efficiencies reached 99.7 % for ldhA, 94
% for adhE, 92.7 % for frdA, and 67.7 % for pta (Fig. 2C). While the
editing efficiency for pta decreased slightly, the overall performance of
the system remained comparable to single-target experiments. These
results demonstrate that RiboJ-mediated sgRNA arrays can support
scalable genome editing with minimal loss in efficiency, enabling
simultaneous editing of three genomic targets.

Following the base-editing process, edited EcN cells were plated onto
LB plates to isolate single colonies with the desired genomic modifica-
tions and calculate multiplex BE efficiency. Interestingly, both large and
small colonies were observed. Sanger sequencing revealed that the small
colonies contained the desired stop codon mutation in the pta gene,
while the large colonies exhibited a Q83K mutation caused by a rare C-
to-A conversion (Fig. S4). These findings indicate that pta knockout
suppresses cell growth, as the pta gene is critical for metabolic pathways
involved in energy production and cell proliferation [51]. The disrup-
tion of pta likely interfered with the growth of correctly edited cells,
resulting in an increased prevalence of cells with the Q83K mutation.
The observed decline in editing efficiencies of pta over successive culture
transfers can also be attributed to the negative effects of pta knockout on
cellular growth (Fig. 1F). However, the pta-deficient EcN strain was
easily isolated based on this distinct phenotypic feature. To assess
editing outcomes at the target regions of the other three genes (IdhA,
adhE, and frdA), we selected ten small colonies for further analysis.
Sanger sequencing revealed that 80 % of the colonies exhibited a
quadruple knockout frequency, while the remaining 20 % showed a
triple knockout frequency (Fig. S5).

To evaluate the phenotypic impact of quadruple-target editing, EcN
cells with early stop codons in IdhA (Q250X), adhE (W169X), frdA
(Q96X), and pta (Q83X) (hereafter ECNALAFP) were isolated and ana-
lysed. The butyrate biosynthesis plasmid was introduced into EENALAFP
and wild-type EcN (EcNWT). The edited strain displayed significantly
reduced byproduct formation (lactate, acetate, ethanol, and succinate)
compared to the wild type. This shift in carbon distribution was further
supported by biomass-normalized metabolite analysis, which showed
increased butyrate production and reduced levels of byproducts in
EcNALAFP compared to ECNWT (Fig. S6). Butyrate production reached
1.04 £+ 0.12 g/L in EcNALAFP, representing a 7-fold increase compared
to the 0.15 + 0.02 g/L produced by EcNWT (Fig. 2E). These results
demonstrate the potential of the RAMBE system for metabolic engi-
neering applications.

To confirm the system’s robustness across strains, the RAMBE
plasmid targeting four genes (IdhA, adhE, frdA, pta) was transformed
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into E. coli MG1655. We analyzed five colonies, which revealed that 4
out of 5 exhibited quadruple knockouts, while one colony showed a
triple knockout (Fig. S2). These findings highlight the versatility of the
RAMBE system for genome editing in diverse E. coli strains. All multiplex
base editing experiments were performed in a single step without in-
termediate clone selection. Editing efficiencies were measured directly
from bulk populations, and individual colonies were isolated post-
editing solely for validation purposes. Multiplex base editing effi-
ciencies were determined from bulk populations without pre-screening
of individual colonies. Single colonies were isolated after editing
solely to validate the editing outcomes and phenotypes. The RiboJ-
processed sgRNA arrays enable the simultaneous maturation of multi-
ple sgRNAs from a single transcript, providing an efficient platform for
parallel genetic modifications.

Butyrate is an important short-chain fatty acid with diverse appli-
cations, making it a high-value target for microbial production. It serves
as a precursor for biofuels, bioplastics, and other renewable chemicals,
offering sustainable alternatives to petrochemical-derived products
[52]. Butyrate also plays a crucial role in human health as a therapeutic
molecule, particularly for gut-related disorders such as inflammatory
bowel disease and colorectal cancer [53]. Additionally, butyrate acts as
an epigenetic regulator by inhibiting histone deacetylases, which has
therapeutic implications in neurodegenerative diseases and cancer
treatment [54]. In this study, the successful application of the RAMBE
system to both EcN and E. coli MG1655 underscores its versatility in
engineering microbial cell factories for butyrate production. By enabling
precise and efficient multiplex genome editing, the RAMBE system op-
timizes key metabolic pathways, significantly enhancing butyrate yield
while reducing unwanted byproducts. This advancement highlights the
system’s potential for developing scalable microbial platforms tailored
to produce butyrate and its derivatives for industrial and therapeutic
purposes.

2.3. RAMBE-driven multiplex genome editing for improved acetate
utilization in ECN

To investigate the scalability of the RAMBE system, we sought to
determine its ability to introduce simultaneous C-to-T base conversions
in six endogenous genes. Our earlier work demonstrated that knocking
out the cspC and patZ genes in DSMO1 (E. coliAfrdA AptaAldhA AadhE)
enhanced acetate utilization and increased intracellular ATP levels,
improving bioproduct production from acetate [55]. Based on these
findings, cspC and patZ in EcN were selected as additional targets for
introducing premature stop codons using C-to-T base editing (Fig. 3B).
Two sgRNAs (sgCspC1, sgCspC2) were designed to introduce the Q48X
mutation in cspC. Over three culture transfers, editing efficiencies
reached 58.3 % and 28 %, respectively. Similarly, sgPatZ1 and sgPatZ2
targeted patZ, achieving editing efficiencies of 100 % and 22.7 %,
respectively (Fig. 3A). These results highlight the capability of the
RAMBE system to introduce precise edits at multiple loci. To address the
PAM limitations of standard BE3, we utilized an SpCas9n variant
(VRVRFRR), referred to as BE3-NG, which recognizes NG PAMs [56].
Using this system, we targeted previously inaccessible sites in cspC
(Q7X, Q48X, Q58X) and patZ (W501X). sgCspC3, sgCspC4, and sgCspC5
achieved editing efficiencies of 89 %, 27.7 %, and 29.3 %, respectively,
while sgPatZ3 and sgPatZ4 (22-nt and 20-nt spacers) both reached 84.3
% (Fig. 3A). These results demonstrate the versatility of BE3-NG in
expanding editable loci and enabling efficient base editing.

To evaluate the RAMBE system’s ability to edit multiple genes
simultaneously, six sgRNAs (IdhA, adhE, frdA, pta, cspC, patZ) were in-
tegrated into a single RiboJ-sgRNA array. The RiboJ-sgRNA array suc-
cessfully processed all six sgRNAs from a single transcript, achieving
high multiplex editing efficiencies of 99 %, 96 %, 93.7 %, 83.7 %, 33.3
%, and 99 %, respectively, across the six loci (Fig. 3C). Except for cspC,
these efficiencies were comparable to those observed in single target
editing experiments. Furthermore, editing efficiencies measured by
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Fig. 2. Multiplex genome editing using the RAMBE system. (A) Double-target genes. The composition of RiboJ-sgRNA arrays, including alternating RiboJ insulators,
a pair of gene-specific spacers, conserved sgRNA scaffolds, and the J23100/tetO promoter, is displayed for double-target genes. The multiplex C-to-T editing effi-
ciencies mediated by the RAMBE system for these dual-target genes are presented as bar graphs, featuring mean and standard deviation (SD) values derived from
three biological replicates for each gene pair. By adding 250 nM aTc at each bacterial passage, BE3 and RiboJ-sgRNA array were co-expressed. The EditR program
quantified the multiplexed C-to-T editing efficiencies for the two distinct gene pairs. The illustrations continue with (B) triple-target genes and (C) quadruple-target
genes. The multiplex C-to-T editing efficiencies for these multiple-target genes, mediated by the RAMBE system, are evaluated in the same way. (D) The diagram
provides an overview of the heterologous butyrate synthesis pathway, highlighting in blue the heterologous genes for butyrate production. These include atoB (an
acetoacetyl-CoA thiolase-encoding gene sourced from E. coli), hbd and crt (encoding 3-hydroxybutyryl-CoA dehydrogenase and 3-hydroxybutyryl-CoA dehydratase,
respectively; both derived from Clostridium acetobutylicum), ter (a trans-enoyl-coenzyme A reductase-encoding gene from Treponema denticola), and TesB (an acyl-CoA
thioesterase II encoding gene sourced from E. coli). A plasmid depicting the butyrate synthesis is showcased, containing the ter, atoB, hbd, crt, and tesB genes. The Py,
promoter regulates the expression of all heterologous genes. (E) Comparisons between the wild-type EcN (EcNWT) and the quadruple base-edited ECNALAFP strains
were made, focusing on cell growth and concentrations of butyrate and byproducts such as lactate, acetate, ethanol, and succinate. Shaking-flask production was
carried out in terrific broth (TB) medium with 5 g/L glucose under micro-aerobic conditions. Cell growth and concentrations of extracellular butyrate and byproducts
were monitored during the 48 h of micro-aerobic cultivation. The data denote the mean and SD of butyrate concentrations from biological triplicates for both the
EcNWT and EcNALAFP strains. Detailed raw data and p-values are available in the Source Data File. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Sanger sequencing and EditR were consistent with the next-generation into the sgRNA array significantly improved editing efficiency across all
sequencing (NGS) results (Fig. S3), indicating reliable and reproduc- targets compared to arrays without RiboJ (Fig. S3). Interestingly, base
ible base editing across multiplex targets. Notably, incorporating RiboJ editing was still detectable even without RiboJ, suggesting that other
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Fig. 3. Multiplex genome editing capability of the RAMBE system, enabling simultaneous knockout of six target genes. (A) The simplex C-to-T editing efficiency is
evaluated for the introduction of a premature stop codon at cspC and patZ genes. Editing outcomes for cspC and patZ targets were analysed when the RiboJ-facilitated
genome editing system with BE3 was employed. The RAMBE system’s versatility was further expanded by relaxing the necessity for PAMs. The editing outcomes for
cspC and patZ targets were re-evaluated using the BE3-NG in the RiboJ-aided genome editing system, again for the introduction of a premature stop codon.
Quantitative assessment of the C-to-T editing efficiency of endogenous genes for a set of sgRNAs was accomplished with the EditR program at each bacterial passage.
The mean and SD of the data, gathered from biological triplicates, are displayed. (B) The diagram offers a synopsis of the heterologous butyrate synthesis pathway
(atoB, hbd, crt, ter, and tesB) and six target genes (IdhA, frdA, adhE, pta, cspC, and patZ), previously recognised for enabling the E. coli strain to utilise acetate as a sole
carbon .

Source. (C) A visual representation of the RiboJ-sgRNA array, consisting of alternating RiboJ insulators, six gene-specific spacers, conserved sgRNA scaffolds, and the
J23100/tetO promoter, is provided. The multiplex C-to-T editing efficiencies, mediated by the RAMBE system, for the six target genes (IdhA/adhE/frdA/pta/cspC/
patZ) are depicted as bar graphs with mean and SD values, based on three biological replicates for each gene pair. The BE3 and RiboJ-sgRNA array were co-expressed
by administering 250 nM aTc at each passage. The EditR program was used to determine the multiplexed C-to-T editing efficiencies for the six distinct gene pairs. (D)
Growth profiles of various E. coli strains in M9 acetate minimal medium are presented. The cell growth (ODgoo) of DSM01, DSMO01AcspCApatZ, EcNAIdhA-
AadhEAfrdAApta, and ECNALAFPCP strains was observed in M9 minimal medium, with acetate serving as the sole carbon source, using a UV-VIS spectrophotometer.

The mean and SD of the data, obtained from biological triplicates, are displayed. Detailed raw data and p-values are available in the Source Data File

mechanisms might compensate for the lack of ribozyme-mediated pro-
cessing. This observation suggests that transcription and processing can
still proceed to some extent without RiboJ, possibly due to internal
transcription initiation within the array. A previous study [57] reported
that gRNA arrays could self-transcribe without a promoter, likely
because promoter-derived target sequences facilitated internal tran-
scription initiation. This could explain why base editing was still
detectable in the absence of RiboJ elements in our array.

To assess the functional impact of simultaneous editing, we con-
structed an EcN strain with stop codons in ldhA, adhE, frdA, pta, cspC,
and patZ (EcNALAFPCP). Growth assays in M9 minimal medium with
acetate as the sole carbon source revealed that ECNALAFPCP and
DSMO1AcspCApatZ could grow under these conditions, whereas DSMO01
and EcNALAFP could not, consistent with previous findings [55]. This
demonstrates that cspC and patZ knockouts restore acetate utilization
(Fig. 3D). By reducing byproduct formation and enhancing metabolic
flux toward acetyl-CoA, the RAMBE-edited strains exhibited improved
butyrate production and acetate utilization.

Acetate is a key intermediate in microbial metabolism and an
important substrate in metabolic engineering, particularly to produce
value-added chemicals. It serves as a precursor for a variety of industrial
products, including biofuels, bioplastics, and organic acids, offering

sustainable alternatives to petroleum-based processes [58-60]. In
addition to its industrial applications, acetate is a critical component of
the gut microbiome, where it can be metabolized into beneficial mole-
cules like butyrate [61]. This acetate-to-butyrate conversion is espe-
cially significant for maintaining gut health and treating disorders such
as inflammatory bowel disease and metabolic syndrome [62]. In this
study, the successful application of the RAMBE system to E. coli strains,
including EcN and MG1655, highlights its potential for optimizing ac-
etate utilization pathways. By engineering these pathways, the system
not only enhances acetate utilization but also redirects metabolic flux
toward high-value products like butyrate, demonstrating its versatility
and scalability for advanced genome engineering applications including
metabolic engineering and development of therapeutic microbes.

2.4. Establishment of a Non-Repetitive RAMBE (NR-RAMBE) system

Constructing CRISPR arrays presents significant challenges due to
their repetitive nature, which consists of alternating spacers and repeats.
These sequences complicate assembly, often requiring labor-intensive
cloning methods such as Golden Gate assembly [15,21,63]. As the
number of targets increases, the process becomes inefficient, error-
prone, and less adaptable for large-scale applications [15,21].
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To address these limitations, we developed a streamlined approach
for sgRNA array synthesis through gene synthesis, eliminating the need
for complex assembly methods. This led to the design of the NR-RAMBE
system, which incorporates diverse ribozymes and engineered non-
repetitive sgRNA handles, effectively reducing sequence repetition
while maintaining functional efficiency. Our approach was inspired by
previous computational work on the CRISPRi system [37], which
focused on non-repetitive engineering of sgRNA sequences, particularly
in the repeat: anti-repeat duplex (RAR), stem loop (SL) 1 (SL1), and SL2,
but not SL3. However, this CRISPRi assay is monocistronic, requiring
separate non-repetitive promoters and transcriptional terminators for
each sgRNA, which limits its applicability due to the need for multiple
distinct promoters and terminators. In contrast, our RiboJ-based sgRNA
array is polycistronic, requiring only a single promoter and terminator
along with engineered non-repetitive elements. This design potentially
broadens the applicability of the NR-RAMBE system to a wide range of
prokaryotic organisms beyond E. coli.

To evaluate ribozyme performance in the NR-RAMBE system, we
tested 15 different ribozymes using a GFP reporter assay, where base
editing converted the silent start codon (ACG) of GFP to ATG (Fig. 4A).
Among the tested ribozymes, 12 significantly increased GFP-positive cell
populations by over 70 % upon aTc induction, confirming their effi-
ciency in sgRNA processing (Fig. 4B). Additionally, we truncated un-
necessary hairpin loops from ribozymes, optimizing their structure for
improved performance. Among various RiboJ variants tested, RiboJ
(T1), which included an extra 4-bp sequence (total length of 57 bp),
exhibited the highest GFP-positive cell population at 89.5 % (Fig. 4C,
4D). Similarly, eight truncated ribozymes significantly increased GFP-
positive cell populations to over 80 %, demonstrating their suitability
for further applications (Fig. 4F).

To minimize repetitive sequences in sgRNA handles while ensuring
functional efficiency, we focused on modifying the SL3 region. While
SL1 is essential for forming the Cas9-sgRNA complex, SL2 and SL3
contribute to its stability, with SL3 playing a critical role in Cas9
cleavage efficiency [64]. We designed various SL3 variants capable of
forming a functional stem structure and compared their performance
using the GFP reporter system (Fig. 4E). All SL3 variants showed com-
parable GFP-positive cell populations, confirming their functional ac-
tivity (Fig. 4G). To further enhance non-repetitive sgRNA handle design,
we combined SL3 variants with previously optimized SL1 and SL2 re-
gions [37], generating 72 novel non-repetitive sgRNA handles. Among
these, 38 significantly increased GFP-positive cell populations to over
80 % following aTc induction (Fig. 4H). This demonstrates the effec-
tiveness of combining engineered sgRNA handles with NR-RAMBE for
reducing sequence repetition while maintaining high functionality.

By integrating diverse ribozymes and optimized non-repetitive
sgRNA handles, the NR-RAMBE system addresses key challenges in
CRISPR multiplexing. The use of polycistronic sgRNA arrays eliminates
the need for separate promoters and terminators for each sgRNA,
simplifying design and enabling broader applicability across different
organisms. Additionally, the NR-RAMBE system enhances sgRNA sta-
bility and processing efficiency, ensuring reliable Cas9-sgRNA complex
formation and activity. These findings highlight the NR-RAMBE system
as a robust platform for high-efficiency genome editing. By minimizing
repetitive sequences and optimizing sgRNA processing, the system im-
proves the scalability and stability of sgRNA arrays, providing a
powerful tool for synthetic biology and metabolic engineering.

2.5. Application of the NR-RAMBE system for multiplex genome editing

To evaluate the multiplex genome editing capabilities of the NR-
RAMBE system, six sgRNAs (ldhA, adhE, frdA, pta, cspC, and patZ)
were incorporated into a single engineered ribozyme-sgRNA array. This
array was assembled into a BE plasmid in a single step using Gibson
Assembly, eliminating the need for labor-intensive multi-step cloning
methods (Fig. 5A). The streamlined workflow highlights the efficiency of
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NR-RAMBE for sgRNA array synthesis and assembly, simplifying the
process for genome engineering applications. The engineered ribozyme-
sgRNA array enabled the simultaneous processing of all six sgRNAs from
a single transcript. This facilitated precise C-to-T base editing at the
target regions of all six genes, achieving editing efficiencies of 80.7 %,
100 %, 82.3 %, 54.7 %, 17 %, and 78.3 % for ldhA, adhE, frdA, pta, cspC,
and patZ, respectively (Fig. 5B). Notably, these multiplex editing effi-
ciencies were comparable to those achieved with the original RAMBE
system, demonstrating that the non-repetitive ribozyme-sgRNA design
does not compromise editing performance. In addition to its multi-
plexing efficiency, the NR-RAMBE system was successfully applied to
EcN, a probiotic strain widely studied for its diagnostic and therapeutic
potential [43,44]. Historically, EcN’s resistance to genetic modification
posed challenges for its use in synthetic biology [45]. However, the NR-
RAMBE system effectively overcame these barriers, enabling precise and
efficient genome editing in EcN. This demonstrates the platform’s
robustness and adaptability for challenging bacterial systems. These
results underscore the NR-RAMBE system as a powerful and versatile
genome editing platform. By facilitating multiplex editing with a non-
repetitive ribozyme-sgRNA design, the system simplifies workflows
while maintaining high editing efficiencies. Its successful application to
EcN further broadens its potential for synthetic biology and genetic
engineering, providing a robust tool for both fundamental and applied
research.

2.6. Comparative analysis of repetitive and non-repetitive sgRNA arrays

To comprehensively evaluate the advantages of the NR-RAMBE
system over its predecessor, we conducted a comparative analysis of
the repetitive sgRNA array (R6) from the RAMBE system and the non-
repetitive sgRNA array (N6) from the NR-RAMBE system (Fig. 5C,
Supplementary Table 1). The DNA sequences of both arrays are detailed
in Supplementary Table 6. This analysis was conducted in collaboration
with Macrogen (Korea) and IDT (USA), leveraging their expertise in
oligonucleotide synthesis and sequence complexity assessment. The R6
array (1,036 bp, 43 % GC) contained extensive repetitive sequences,
including six 171-bp tandem repeats (91 % identity) and interspersed
repeats totaling 918 bp, resulting in a total repeat content of 1,944 bp
(Fig. 5C and Supplementary Table 1). This high redundancy led to
repeated synthesis failures reported by Macrogen due to sequence
instability, a known challenge in synthesizing tandem repeat-rich DNA.
Complexity analysis by IDT further confirmed the synthetic difficulty,
assigning the R6 array a complexity score of 300.9. In contrast, the N6
array (992 bp, 46 % GC) eliminated tandem repeats and reduced
interspersed repeats to 194 bp (Fig. 5C and Supplementary Table 1),
enabling efficient synthesis and improved sequence stability.

This streamlined structure resulted in a lower synthesis complexity
score of 13, as evaluated by IDT, compared to 300.9 for the R6 array. The
complexity score is a vendor-specific internal metric that reflects syn-
thesis difficulty based on sequence features such as repeats and GC
content. Although this reflects a 23-fold difference in the assigned
complexity scores, it should be interpreted as a vendor-specific estima-
tion rather than a universal quantitative measure of synthesis
complexity. Nevertheless, this stark difference clearly demonstrates the
advantage of the non-repetitive design in facilitating array synthesis and
reducing the complexity burden for downstream applications. Notably,
a recent study also utilized IDT’s complexity score to assess synthesis
feasibility, where sequences with high complexity scores (ranging from
30 to 139) failed synthesis screening due to repetitive elements [65].
Macrogen successfully synthesized the N6 array with a turnaround time
of 10-15 working days, at significantly reduced costs compared to the
R6 array. These findings underscore the practical advantages of the NR-
RAMBE system in facilitating the efficient and cost-effective synthesis of
complex sgRNA arrays.

The NR-RAMBE system’s non-repetitive design, incorporating opti-
mized sgRNA handles, simplifies in vitro synthesis processes while
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Fig. 4. Development of the NR-RAMBE system. (A) Genetic circuit to sense cytosine base-editing activity. Both BE3 and RiboJ-sgRNA are expressed under the
regulation of the promoters that respond to aTc. The reporter plasmid includes a silent gfp gene cassette driven by a constitutive J23100 promoter. BE3 and sgRNA
form a complex and target the mutated start codon (ACG) of the silent gfp gene in the reporter plasmid, leading to a C-to-T base conversion (ACG — ATG). The
percentage of GFP-positive cells was analysed using a flow cytometer to monitor the base-editing activity. The target nucleotide (ACG) and PAM sequence (AGG) are
indicated in green and purple, respectively. (B) Screening of diverse ribozymes for base-editing. The ratio of GFP-positive cells to untransformed cells was measured
using flow cytometry, both with and without 250 nM aTc. Con indicates construct without ribozyme. The same settings were used for all constructs. The mean and
standard deviation (SD) of the data from biological triplicates is presented. (C) A panel of RiboJ variants is presented, along with their remaining hairpin loop
sequences. The green and blue residues represent stems I and II, respectively, whereas the conserved catalytic core is represented by red residues. The stem-loop of
the additional hairpin is indicated by orange residues. To reduce the length of the remaining sequence, the underlined portions were truncated. (D) The impact of
RiboJ variants on base-editing activity was assessed using flow cytometry. The population of GFP-positive cells relative to untransformed control cells was monitored
using flow cytometry with or without 250 nM aTec. Identical settings were used for all constructs. The data represent the mean and SD from biological triplicates. (E)
Stem-loop 3 variants with mutated sequences are presented. The original (WT) stem-loop 3 of sgRNA scaffold was altered to the indicated sequence pair to decrease
consecutive repetitive sequences. (F) Flow cytometry was used to screen for the impact of a panel of truncated ribozymes on base-editing activity. The ratio of GFP-
positive cells to untransformed control cells was measured using flow cytometry, both with and without 250 nM aTc. The same settings were used for all constructs.
The mean and SD of the data from biological triplicates is presented. (G) Flow cytometry was used to evaluate the effect of stem-loop 3 engineering on base-editing
activity. The ratio of GFP-positive cells to untransformed control cells was measured by flow cytometry with or without 250 nM aTc. Identical settings were used for
all constructs. The mean and SD of the data from biological triplicates are shown. (H) Flow cytometry was used to evaluate the effect of sgRNA scaffold engineering
on base-editing activity. The ratio of GFP-positive cells to untransformed control cells was measured by flow cytometry with or without 250 nM aTc. Identical settings
were used for all constructs. The mean and SD of the data from biological triplicates are shown. Detailed raw data and p-values are available in the Source Data File.
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Comparison of RAMBE and NR-RAMBE. Development and characterization of the NR-RAMBE system. (A) Graphical representation of the repetitive sgRNA
array (called R6) and non-repetitive sgRNA array (called N6) is presented. R6 was generated by using six repetitive RiboJ-sgRNA arrays with the J23100/tetO
promoter; N6 was generated by using six combinations of different ribozymes and engineered sgRNA scaffolds with the J23100/tetO promoter. (B) Quantification of
multiplexed C-to-T editing efficiencies for the six target genes (IdhA/adhE/frdA/pta/cspC/patZ) using the R6 or N6 are presented as bar graphs with mean and
standard deviation (SD) values based on three biological replicates for each gene pair. The BE3-R6 or —N6 were expressed by adding 250 nM aTc. The EditR program
was used to quantify the multiplexed C-to-T editing efficiencies for the six distinct gene pairs. (C) Quantification of tandem and interspersed repeats in the R6 and N6
arrays. The bar graph illustrates the total size of tandem and interspersed repeats in the R6 and N6 arrays. The R6 array contains six 171-bp tandem repeats (91 %
identity) and 918 bp of interspersed repeats, leading to high sequence redundancy. In contrast, the N6 array eliminates tandem repeats and reduces interspersed
repeats to 194 bp. Repeat profiling is based on Supplementary Table 1. Detailed raw data and p-values are available in the Source Data File.

significantly reducing both time and financial costs. These features are
particularly advantageous for large-scale genomic projects and multi-
plex CRISPR-Cas applications, where the ability to efficiently construct
complex sgRNA arrays is critical. Despite these advancements, minor
residual repeats of up to 23 bp remain in the NR-RAMBE design, which
could still pose a risk of homologous recombination, particularly in
large-scale arrays or highly recombinogenic hosts. To address this,
future work will focus on further engineering of sgRNA handles and
ribozyme sequences to eliminate these residual repeats and minimize
recombination risks. Additionally, ribozyme cleavage efficiency may
vary depending on host-specific RNA processing environments, poten-
tially affecting sgRNA maturation. Alternative ribozyme designs or
synthetic RNA processing systems could be explored to ensure robust

performance across diverse microbial hosts. These improvements will
further enhance the scalability, stability, and broad applicability of the
NR-RAMBE system for complex genome engineering tasks. Such im-
provements are anticipated to further enhance the precision, efficiency,
and scalability of the system. By overcoming the inherent limitations
associated with repetitive DNA sequences, the NR-RAMBE system rep-
resents a transformative leap in multiplex genome editing technology.
The system’s non-repetitive architecture not only ensures high fidelity in
sgRNA processing but also provides a robust and scalable platform for
precise genetic modifications. With its demonstrated efficiency and
scalability, the NR-RAMBE system unlocks new possibilities for intricate
genome manipulations across diverse applications in synthetic biology,
metabolic engineering, and therapeutic development. This innovation
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stands as a critical advancement in CRISPR-Cas systems, addressing key
barriers to multiplex genome editing and paving the way for more
efficient and versatile genomic engineering platforms.

Furthermore, previous studies have reported Cas12a-based multiplex
genome editing platforms that leverage the intrinsic RNase activity of
Cas12a to efficiently process crRNA arrays. In human cells, simultaneous
editing of up to four genes was demonstrated using a single crRNA array
processed by Casl2a, with editing efficiencies ranging from 40 % to 70
% at each target site [22]. Multiplexed genome engineering has also
been achieved by encoding CRISPR arrays on single transcripts, enabling
editing of up to five loci in mammalian cells with efficiencies reaching
80 % [23]. In microbial systems, Casl2a-based methods facilitated
combinatorial editing and transcriptional regulation, with correct array
assembly rates ranging from 60 % to 100 % and editing efficiencies of up
to 100 %, depending on the target and context [21]. While these Cas12a-
based systems offer scalable multiplex editing, their utility is inherently
limited by stringent PAM requirements and the challenges of repetitive
crRNA array design. In contrast, our NR-RAMBE system provides
broader flexibility by enabling multiplex base editing with engineered
non-repetitive sgRNA arrays, independent of Casl2a’s processing
mechanism. This design expands its potential applicability to a wider
range of organisms and genome editing contexts.

To further investigate sgRNA abundance and processing efficiency
within the multiplex array, we plan to perform RNA-seq analysis in
future studies. This will allow direct quantification of each sgRNA and
provide deeper insights into the stoichiometry and potential bottlenecks
of our multiplex base editing system. Additionally, we plan to perform
whole-genome sequencing (WGS) to comprehensively assess potential
off-target effects and further validate the specificity and safety of our
multiplex base editing platform.

3. Conclusions

This study presents the RAMBE and NR-RAMBE systems as innova-
tive platforms for multiplex genome editing, highlighting novel contri-
butions through the systematic design and screening of RiboJ-based
sgRNA processing and non-repetitive sgRNA handles. For the first time,
a wide array of ribozymes and sgRNA scaffolds were combined and
evaluated, enabling the development of diverse configurations that
address key limitations of repetitive DNA sequences, including synthesis
complexity and stability challenges. The NR-RAMBE system reduces
synthesis complexity by 23-fold while maintaining comparable editing
efficiencies to repetitive designs, demonstrating its potential for scalable
applications. Although the system currently focuses on E. coli, its design
principles can be extended to other cell types and organisms, paving the
way for broader applications in synthetic biology and metabolic engi-
neering. By facilitating precise and efficient multiplex editing, this study
establishes the RAMBE and NR-RAMBE systems as robust tools for
advancing genome editing technologies, enabling new opportunities for
developing microbial cell factories, therapeutic microbes, and high-
throughput genetic studies. Future efforts will focus on expanding the
system’s applicability to diverse organisms and further optimizing gRNA
array design to enhance its versatility and precision.

4. Materials and methods
4.1. Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Supplementary
Table 2. E. coli strains were employed for plasmid cloning, propagation,
base-editing experiments, and butyrate production, as detailed in the
text. Bacteria were cultured in LB (containing 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L sodium chloride) at 37 °C, with agitation at
200 rpm, unless noted otherwise. E. coli strains were additionally
cultivated in TB medium, comprising 12 g/L tryptone, 24 g/L yeast
extract, 9.4 g/L KoHPOy4, and 2.2 g/L KHyPO4, under micro-aerobic
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conditions. This medium was supplemented with 5 g/L glucose to
verify butyrate production and with 10 g/L glucose to verify lactate and
pyruvate concentrations. If required, antibiotics (100 ug/mL ampicillin
or 50 ug/mL kanamycin), anhydrotetracycline (aTc), and isopropyl-p-D-
1-thiogalactopyranoside (IPTG) were incorporated into the medium.
Following transformation, super-optimal broth with catabolite repres-
sion (SOC) medium was used for recovery. Restriction enzymes were
sourced from New England BioLabs (NEB, Ipswich, MA, USA) and all
analytical-grade reagents were procured from Sigma-Aldrich (St. Louis,
MO, USA).

4.2. Plasmid construction

The complete list of plasmids used in this study is shown in Sup-
plementary Table 2, and DNA oligonucleotides synthesised by Macrogen
(Seoul, Korea) are provided in Supplementary Table 3. Unless otherwise
specified, all the recombinant plasmids were constructed using the
Gibson Assembly method. Supplementary Table 4 lists the sgRNA-
binding sites used in this study. Standard protocols were followed for
PCR amplification using KOD Plus Neo (Toyobo, Code No. KOD-401), or
KOD One PCR Master Mix (Toyobo, Code No. KMM-201). Three plas-
mids were synthesised: pTet-BE2-sgLdhA1l with APOBEC1-dCas9-UGI
and sgRNA cassettes, pTet-BE3-sgLdhAl with APOBEC1-nCas9-UGI
and sgRNA cassettes, and pRAMBE(NG) with APOBEC1-nCas9 variant
(VRVRFRR)-UGI and sgRNA cassettes (Supplementary Table 5). The F1,
F2, and F3 fragments were produced by PCR of the synthesized DNA,
PCR of the pSECRi plasmid, and Xbal/Pacl digestion of pSECRI,
respectively. These fragments were assembled using Gibson Assembly to
generate plasmids. The pTet-BE3-sgLdhAl plasmid was digested with
Xhol and Pacl. The appropriate bands were extracted and purified using
the LaboPass Gel and PCR Clean-up Kit (CosmoGenetech, Seoul, Korea)
according to the manufacturer’s instructions. This purified vector served
as the backbone plasmid for constructing pRAMBE derivatives, unless
stated otherwise. Single-target editing plasmids were constructed by
PCR amplification from the pTet-BE3-sgLdhA1 plasmid with the primers
pTet-sg(XhoI)-F and J23100(tetO)-RiboJ-R. The PCR fragment was
treated with Dpnl and purified using the LaboPass Gel and PCR Clean-up
Kit (Cosmo Genetech). To easily replace the sgRNA spacer for each
target gene, primers S(target gene)-F and pTet-sg(PacI)-R were used for
PCR amplification from the pTet-BE3-sgLdhA1l plasmid. The resulting
fragments were assembled into the pRAMBE backbone plasmid using the
Gibson Assembly method. Double-target editing plasmids (PRAMBE-D1,
—D2, and-D3) were constructed by PCR amplification of the pRAMBE-
sgLdhA2,-sgFrdA2, and-sgCspCl plasmids using the primers pTet-sg
(XhoI)-F and D-R. D-F and pTet-sg(Pacl)-R primer pairs were used for
PCR amplification of the pRAMBE-sgAdhE2, —sgPta2, and -sgPatZ1
plasmids. The resulting fragments were assembled into the pRAMBE
backbone plasmid using the Gibson Assembly method. To create the
triple-target editing plasmid, the pRAMBE-D1 plasmid was digested
with NotI-HF and Pacl and the backbone plasmid was extracted via gel
electrophoresis. PCR amplification from the pRAMBE-sgFrdA2 plasmid
utilised the M(NotI)-F and pTet-sg(Pacl)-R primers. The two resulting
fragments were combined using the Gibson Assembly method to
generate the pRAMBE-T plasmid. To construct the quadruple-target
editing plasmid, the pRAMBE-T plasmid was digested with NotI-HF
and Pacl, followed by backbone plasmid gel extraction. PCR amplifica-
tion of the pRAMBE-sgPta2 plasmid was performed using the M(NotI)-F
and pTet-sg(Pacl)-R primers. The two extracted fragments were assem-
bled using the Gibson Assembly method to obtain the pRAMBE-Q
plasmid. Finally, to construct the pRAMBE-M plasmid, the pRAMBE-Q
plasmid was digested with NotI-HF and Pacl and the backbone
plasmid was extracted via gel electrophoresis. Primers M (NotI)-F and
pTet-sg (Pacl)-R were used for PCR amplification of the pRAMBE-D3
plasmid. The two fragments were combined using the Gibson Assem-
bly method. To generate the pSETR-butyrate plasmid, genes involved in
butyrate production (ter, atoB, hbd, crt, and tesB) were PCR-amplified
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from pAB-AHCTA using their respective primer pairs. The PCR products
were assembled into the pTrc99A vector using the Gibson Assembly
method to generate the plasmids pTSN-ter-atoB, pTSN-hbd-crt, and
pTSN-tesB. A fragment containing all five genes was amplified and
incorporated into pTrc99A to form the pTSN-butyrate plasmid. To swap
the origin of replication, the pTSN-butyrate plasmid was digested with
Xbal and Apal followed by backbone plasmid gel extraction. PCR
amplification of the pSEVA131 plasmid used pBBR1(Xbal)-F/R primers,
whereas that of the pTSN-butyrate plasmid used Laclq(Apal)-F/R
primers. The three resulting fragments were assembled using the
Gibson Assembly method to obtain the final pSETR-butyrate plasmid. To
construct the reporter plasmid, an sgRNA-binding site with an ACG start
codon was inserted prior to the second codon of gfp in the pREGFP3
plasmid. This was achieved through PCR amplification using the ACG-F
and ACG-R primers. The target band was purified using the Wizard SV
Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The pu-
rified PCR fragment was treated with Dpnl and ligated with T4 DNA
ligase and T4 polynucleotide kinase. The GFP cassette was PCR-
amplified from the resulting plasmid with the pSEVA131-IF and
PSEVA131-IR primers, whereas the vector fragment was PCR-amplified
from the pSEVA131 plasmid using the pSEVA131-VF and pSEVA131-VR
primers. The two fragments were assembled using the Gibson Assembly
method to generate pREBE-5C. To create the pSET-sgGFP plasmid, the
ts-5C(Xhol)-F and pTet-sg(Pacl)-R primers were used for PCR amplifi-
cation from pRAMBE-sgGFP. The PCR-generated fragment was assem-
bled into the pRAMBE backbone plasmid, which was then treated with
Xhol and Pacl. To construct plasmids containing the ribozyme variants
(Supplementary Table 2), a backbone plasmid was prepared by digesting
PSET-sgGFP with Xhol and Pacl. The PCR-amplified ribozyme variants
created by annealing the DNA oligonucleotides were assembled with the
digested pSET-sgGFP plasmid using the Gibson Assembly method. To
construct plasmids containing sgRNA variants (Supplementary Table 2),
a backbone plasmid was prepared by digesting pRAMBE-sgGFP with
Xhol and Pacl. The PCR-amplified sgRNA variants created by annealing
the DNA oligonucleotides were assembled with the digested pRAMBE-
sgGFP plasmid using the Gibson Assembly method. To create the pNR-
RAMBE-M plasmid, an engineered ribozyme-sgRNA array was syn-
thesised and amplified using pTet-sg(Pst)-F/pTet-sg(PheA)-R primers
and assembled into the pRAMBE backbone treated with Pstl-HF/Pacl.
The accuracy of the constructed plasmid sequences was confirmed
using Sanger sequencing (Macrogen).

4.3. Determining the BE efficiency and gene inactivation frequency

EcN and DH5a strains harboring base-editing plasmids were inocu-
lated into 3 mL of LB medium supplemented with 50 ug/mL kanamycin
and incubated at 37 °C while shaking at 200 rpm overnight. Subse-
quently, the cultures were diluted 1:100 (v/v) into 4 mL of fresh LB
medium containing 50 ug/mL kanamycin and 250 nM aTc, and incu-
bated under the same conditions. To examine the passage-dependent
editing efficiency, cultured cells were diluted every 12 or 24 h at a
1:100 (v/v) ratio in fresh LB medium with identical antibiotic and
inducer (aTc) concentrations. To assess C-to-T editing efficiencies at
each passage, a 1 pL aliquot of the editing cultures was sampled as a
template and amplified via PCR using KOD One PCR Master Mix and
site-specific primers (Supplementary Table 3). PCR conditions used are
as follows: 10 s at 98 °C, 5 s at 60 °C, and 5 s at 68 °C, for 30 cycles in
total. PCR products were confirmed on an agarose gel, purified with the
LaboPass Gel and PCR Clean-up Kit, and subjected to Sanger sequencing
at Macrogen (Seoul, Republic of Korea). Sequencing chromatograms
were visualised using SnapGene (version 4.2.11) and analysed using the
online tool EditR (version 1.0.10) [66] to determine the C-to-T base-
editing efficiency. Background mutation rates were not subtracted in
the calculation of editing efficiencies. Editing efficiencies were directly
determined using the EditR program based on the proportion of C-to-T
conversions at each target site in the sequencing chromatograms.
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Unedited control samples were also analyzed, confirming that no sig-
nificant basal editing occurred under experimental conditions. Next-
generation sequencing of PCR products was performed at Celemics
(Seoul, Republic of Korea) using Barcode-Tagged Sequencing
(BTSeqTM). C-to-T editing efficiency was calculated as the proportion of
reads with the desired C-to-T editing in the targeted genomic regions
relative to the total sequenced reads. After diluting the edited cultures
with sterile phosphate-buffered saline (PBS) and spreading them on LB
agar plates, the gene inactivation frequency was determined as the ratio
of colonies containing the designed stop codons in the targeted genomic
regions to the total number of sequenced colonies.

4.4. Plasmid curing

To acquire plasmid-free strains following genome editing, base-
edited cells containing editing plasmids were initially cultured in non-
selective LB medium at 37 °C overnight while shaking at 200 rpm.
These cultures were subsequently diluted 1:100 (v/v) with fresh LB
medium containing 250 nM aTc and incubated for an additional 12 h at
37 °C. Cultures were serially diluted in sterile PBS and plated on non-
selective LB agar to isolate individual colonies. From these plates, the
absence of editing plasmids in the cells was verified by performing
colony PCR and assessing growth in LB medium with and without 50 pg/
mL kanamycin.

4.5. Butyrate production

All strains for butyrate production were inoculated into 3 mL of LB
medium supplemented with 100 pg/mL ampicillin and incubated
overnight at 37 °C with shaking at 200 rpm. The overnight cultures were
then diluted 1:100 (v/v) into 5 mL of TB medium containing 100 ug/mL
ampicillin and 0.2 mM IPTG. The cultures were subsequently incubated
at 37 °C with shaking at 200 rpm for 2 days under micro-aerobic con-
ditions by culturing 5 mL of medium in tightly capped 50 mL Falcon
tubes. This setup effectively restricted oxygen transfer while allowing
sufficient mixing and nutrient availability. The micro-aerobic cultiva-
tion was designed to mimic the limited oxygen environment encoun-
tered by EcN in the gastrointestinal tract [67]. Similar micro-aerobic
cultivation strategies combined with shaking at 200 rpm have been
successfully applied for metabolite production using E. coli [68]. Sam-
ples were collected at regular intervals for analytical measurements.
Following cultivation, cell growth and extracellular metabolites were
quantified using spectrophotometry and HPLC, respectively.

4.6. Determination of cell growth and concentrations of extracellular
metabolites

To assess cell growth during cultivation, 100-uL cell samples were
diluted 1:10 (v/v) with sterile PBS (resulting in a final volume of 1 mL)
to measure optical density at a wavelength of 600 nm (ODggp) using a
UV-VIS spectrophotometer (Ultrospec 8000, GE Healthcare, Uppsala,
Sweden). In some experiments, 1 mL aliquots of cells were directly used
for growth measurements. To determine glucose, ethanol, and organic
acid (D-lactate, succinate, acetate, and butyrate) concentrations in the
culture supernatant, bacterial cultures were centrifuged at 3,000 rpm for
20 min at 4 °C to pellet the cells, and 200 pL of the supernatant was
filtered through an Advantec 0.45-um syringe filter. The filtered samples
were directly analysed using an HPLC system (Agilent Technologies
1200 series, CA) equipped with a refractive index detector. Typically,
20 pL of each sample was injected and separated on a 1300 x 7.8 mm
Aminex HPX-87H column (Bio-Rad, CA, USA) using a mobile phase of
0.4 mM H,SOy4 (flow rate: 0.5 mL/min). Each analysis had a total run-
time of 30 min, with the column temperature maintained at 50 °C.
Metabolite concentrations were calculated from standard curves using
Microsoft Excel.



S.-G. Woo et al.
4.7. Flow cytometry analysis

All reporter strains were inoculated into 3 mL of LB medium sup-
plemented with 100 pg/mL ampicillin and 50 pg/mL kanamycin and
incubated at 37 °C with shaking at 200 rpm overnight. Subsequently, 2
uL of the bacterial culture was added to 198 uL of LB medium containing
100 pg/mL ampicillin, 50 pg/mL kanamycin, and with or without 250
nM aTec in a clear-bottom, black-walled 96-well polystyrene microplate.
To prevent evaporation, 200 L of deionised water was added to the
outer moat of the plates. The treated bacteria were then incubated at
37 °C while shaking at 800 rpm on a plate shaker for 12 h. To assess the
sfGFP signal, bacterial culture samples were taken, diluted 1:20 with 1
mL of filter-sterilised PBS buffer, and analysed using a FACSCalibur (BD
Biosciences) flow cytometer, with the FL1 gain set to 650. The data were
analysed using FlowJo software (FlowJo LLC, Ashland, OR, USA).
Events were gated based on forward/side scatter (FSC/SSC) to exclude
non-cellular events, with at least 10,000 events from the gated cell
population recorded at a low flow rate for each experiment. The per-
centage of GFP-positive cells within the gated population was deter-
mined by setting thresholds based on the autofluorescence and FSC/SSC
values obtained from the wild-type strain without plasmids, which
served as a negative control to define the background fluorescence level.
The percentage of GFP-positive cells was calculated as the proportion of
the population exhibiting higher fluorescence intensity than this control.

4.8. Statistical analysis

Statistical analyses were conducted using GraphPad Prism 10 soft-
ware to assess the significance of differences between the two groups. P-
values were calculated using an unpaired two-tailed t-test with Welch’s
correction, which accounts for unequal variances. Statistical signifi-
cance is denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Non-
significant results are indicated as n.s. (not significant) with P > 0.05.
Specific information regarding the P-values can be found in the Source
Data File.
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