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Supplementary Document 1:
Detailed Design and Construction of shCAST Vectors
1. Operon Redesign and Codon Optimization 
Design and Optimization of the Polycistronic shCAST Operon: 
To minimize the system size and facilitate delivery, we engineered a compact, polycistronic architecture mimicking native bacterial operons, where a single promoter and terminator drive the expression of all system components.

Codon Optimization: 
The coding sequences of the four shCAST effector proteins (tnsB, tnsC, tniQ, and cas12k) were individually split and codon-optimized for Bacteroides thetaiotaomicron VPI5482, using the default settings of OPTIMIZER online platform. The optimization was based on the “Highly Expressed Genes” (HEG) dataset of B. thetaiotaomicron to ensure efficient translation in the target host.

RBS Strength Tuning: 
To achieve robust expression and appropriate stoichiometry of the CRISPR-transposon complex, we utilized a defined series of Ribosome Binding Sites (RBS) with varying strengths. We designed a translation initiation gradient where the RBS strength increases sequentially for the downstream components: RBS8 drives tnsB, RBSB2 drives tnsC, RBSB5 drives tniQ, and RBSB6 (the strongest) drives cas12k. This hierarchical arrangement was intended to maximize the abundance of the Cas12k effector and TniQ while maintaining sufficient levels of the transposition machinery.

SgRNA location: 
To prevent potential vector instability or self-targeting during plasmid propagation, the sgRNA expression cassette was positioned downstream of the protein operon, immediately adjacent to the non-cargo transposon arm. The entire redesigned shCAST system was chemically synthesized and assembled into the vector via Gibson Assembly.

2. Shuttle Vector Backbone Construction
Shuttle Vector Construction and Chimeric Selection Marker:

The synthesized shCAST system was cloned into the psh2200 vector, an E. coli-Bacteroides shuttle plasmid. The backbone integrates an E. coli P15A origin of replication, an origin of transfer (oriT) for conjugation, and a Bacteroides p134 replicon. To further reduce the backbone size and simplify selection, we designed a chimeric expression cassette for the chloramphenicol resistance gene (cmr). A constitutive promoter J23119 was coupled with a Bacteroides-specific RBS to drive cmr expression, serving as a dual-selection marker effective in both E. coli cloning hosts and Bacteroides recipients.

3. STIB System Design
To mitigate the metabolic burden on host cells and reduce the risk of off-target effects caused by prolonged exposure to the CRISPR-transposon machinery, we developed the STIB system based on a suicide vector strategy.

Vector Backbone Modification: 
We modified the shuttle vector by removing the Bacteroides replicon (p134) and replacing the E. coli P15A origin with the R6K gamma origin. The R6K origin is conditional and requires the pir gene (provided by specific E. coli donor strains) for replication. Consequently, this vector cannot replicate in Bacteroides, ensuring that the shCAST system is expressed only transiently following conjugation.

Cargo and Screening: 
For metabolic selection, the cargo module was engineered to express either cmr (driven by the Pcfxa promoter) or an inulinase gene (driven by the PBT1311 promoter), facilitating rapid isolation of successful edits.

Protein Fusion Strategy: 
To further enhance specificity and minimize co-integration events, we employed a protein fusion strategy. A codon-optimized nAnil nickase was fused to TnsB and driven by RBS8. Simultaneously, Cas12k was fused to TnsC and driven by RBSB6. This molecular tethering was designed to strictly couple the DNA-targeting and transposition functionalities, thereby reducing off-target toxicity and improving overall editing efficiency.
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Figure S1. Redesign of ShCAST-based genome editing tool for genome editing in Bacteroides. (A) Normalized luminescence of B.thetaiotaomicron expressing luciferase under various promoter-RBS constructs. Data represent mean + sd (n = 4). Overall group comparison by Kruskal-Wallis test: χ² = 23.64, df = 7, p = 0.0013. Post-hoc pairwise comparisons using Dunn’s test with Bonferroni correction revealed that PBfP1E6 showed significantly higher luminescence than PCat (p=0.0083). (B) Normalized luminescence of different RBS sequences when paired with a fixed promoter (PBfP1E6). Data represent mean + sd (n = 3). Significant difference was observed among RBS variants (ANOVA: p = 0.0159; pairwise comparisons: n.s., p = 0.7387 for RBSB6 vs RBS1, p=0.0229 for RBSB6 vs RBSrpiL). (C) Schematic of polycristronic and codon optimized ShCAST based on replicative vector for B.thetaiotaomicron. (D) Schematic of transposition and counterselection experiment workflow to verify usability of CASTs in B.thetaiotaomicron. (E) ShCAST can be used for genomic editing in B.thetaiotaomicron. (F) Verification of targeted insertion by colony PCR. (G) The target efficiency of transposition using ShCAST system with or without FUdR. Data were normalized to the total signal per experiment to enable comparison of relative expression strengths across constructs in (A) and (B).
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Figure S2. ShCAST shows high off-target and cointegration effects in B.thetaiotaomicron. (A) Schematic of primer design for identification of all transconjugants including no insertion, simple insertion and cointegration based on PCR. Colony PCR primers are indicated by blue and red arrows. (B) Verification of transient ShCAST mediated simple insertion by colony PCR. (C) Verification of transient ShCAST mediated cointegration by colony PCR. (D) Genome-wide insertion events at Bt01 with ShCAST systems.
[image: image3.png]A

shCAST
0.
o A
20
m 0,
02 b el
0.

Bits

different expression level of TnsC

nAnil - TnsB TniQ Cas12k sgRNA
Fold decrease Fold decrease
RES RBSB2/RBS candidate RBSB2/RBS candidate
[ ] A
shHEL ST B2 1 1
psh63 e m c51 ~100 ~6
C53 e c53 ~866 ~12
C56 e C56 ~2858 ~10
D
~ 150
g F0
§ 100 <
5 860
2 8
£ 5 £ 30
g w
o = ==
s SN S s+
< < & &K ¥





Figure S3. The expression level of TnsC significantly affects editing performance in B.thetaiotaomicron. (A) Motif identification of off-target reads. (B) Schematic of ShCAST-based tools with different expression level of TnsC. ●= Fold decrease (RBSB2/RBS candidate) calculated from re-analyzed experimental data (Mimee et al., 2015) for identical RBS sequences; ▲ = Fold decrease (RBSB2/RBS candidate) predicted by RBS Calculator v2.1.1 for identical RBS sequences. Data sources: Experimental data: Re-analyzed raw data from Table S1 of Mimee et al. (2015); Prediction: RBS Calculator (v.2.1.1) with long UTRs disabled, “Bacteroides thetaiotaomicron VPI-5482 (NC_004663)” parameters, and 37°C incubation temperature. (C) Quantification of cointegration ratio in all constructs based on PCR. Three groups (shCAST, psh63, shHELIX) were extracted for statistical testing. One-way ANOVA revealed a significant overall effect of construct (F-test, p = 3.4 × 10-6). Post-hoc Tukey HSD test showed that shCAST exhibited significantly higher cointegration than psh63 (p = 5 × 10-6) and shHELIX (p = 6.8 × 10-6). Meanwhile psh63 and shHELIX did not differ significantly (p = 0.69). n.s= not significant. (D) Quantification of target efficiency based on PCR. Three groups (C53, psh63, shHELIX) were extracted for statistical testing. One-way ANOVA revealed a significant overall effect of construct (F-test, p = 8.3 × 10⁻⁶). Post-hoc Tukey HSD test showed that psh63 exhibited significantly higher efficiency than both C53 (p = 1.5 × 10⁻⁵) and shHELIX (p = 1.4 × 10⁻⁵), while C53 and shHELIX did not differ significantly (p = 0.98). (C), (D) Mean, s.d. shown for n = 3 biological replicates.
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Figure S4. Comparation of different ShCAST-based tools in B.thetaiotaomicron. (A) Genome-wide insertion events at Bt01, using different ShCAST-based tools. (B)  Quantification of target efficiency at different sites, based on PCR. Data represent mean + sd (n = 3 biological replicates). Two-way ANOVA test revealed significant main effects of system type (p < 0.001) and target site (p = 0.0017), but no significant interaction (p = 0.748). Post-hoc comparisons show that STIB outperforms psh63 at both sites (p = 0.0388). 
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Figure S5. Growth curve of B.thetaiotaomicron mutants with antibiotic resistance genes sequentially inserted by STIB. The growth of wild type (marked as gray), mutant with cmr (underwent editing by round 1, marked as green) and mutant with cmr and ermG (underwent all rounds of editing, marked as red) in BHI (A), BHI+CHL (B) and BHI+CHL+ERY (C) medium. BHI: Brain Heart Infusion broth medium. BHI+CHL: BHI medium plus 25 μg/mL chloramphenicol. BHI+CHL+ERY: BHI medium plus 25 μg/mL chloramphenicol and 25 μg/mL erythromycin. The line represents the mean of data. The shadow represents the s.d.. Mean and s.d. shown for n = 3 biological replicates.
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Figure S6. Genome editing of multiple Bacteroides species by sgRNA targeting 16S rDNA conserved region. (A) Design of General sgRNA for editing different Bacteroides, including B. uniformis and B. fragilis. (B) Schematic of primer design for identification the edits. (C) PCR verification of edits, using genome-RE specific primer pair 4. The primers were described as (B). WT: wild type.
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Figure S7. Construction of auxotrophic E. coli donor strain. (A) Construction of auxotrophic donor through homologous recombination. (B) Workflow for evaluating delivery capabilities of different donors. (C) Comparison of delivery capabilities of different auxotrophic donors by Colony-forming units (CFU) counting. Data represent mean + sd (n = 9). The difference between groups was assessed by Mann-Whitney U test (p = 0.0137).
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Figure S8. STIB enables gain-of-function (antibiotic resistance) in complex microbial communities and achieves low cointegration ratio across target species. (A) Growth of target B. ovatus, B. thetaiotaomicron, and B. vulgatus in BHIS plus chloramphenicol (chloramphenicol concentration: for B.theta: 50 μg/ml, B.ovatus and B.vulgatus: 25 μg/ml) after community editing. Edited species show robust growth under antibiotic selection, while negative controls (purple) remain suppressed. (B) Quantification of cointegration ratio for Bo-, Bt-, and Bv-targeting tests, based on metagenomic reads mapping. Data represent mean + sd (n = 2 biological replicates), (Kruskal-Wallis test, p = 1, not significant). 

	Category
	Tool Name
	Core Mechanism & key feature(s)
	Efficiency
	Size of manipulation of DNA fragment (Tested)
	Ref

	Based on Transposase


	STIB
	Mechanism: RNA-guided transposition (site-specific)
• Pros: One-step; Programmability; Host-independent; Community-compatible
• Cons: sgRNA-dependent efficiency; Target immunity
	29% – 100%
	~8.4 Kb (::)
	This study

	
	Himar1C9
	Mechanism: Random transposon insertion (TA sites)
• Pros: Genome-wide screening; One-step
• Cons: Random (non-targeted)
	~90% of reads contained transposon
	~2.0 Kb (::)
	Ronda et al.1
Goodman et al.2
Wu et al.3
Liu et al.4

	Based on HR


	tdk/thyA counterselection system
	Mechanism: Allelic exchange; Metabolic counterselection
• Pros: Scarless
• Cons: Requires pre-engineered host
	N/A
	~2.4 kb (∆); ~1.6 kb (∆)
	Koropatkin et al. 5 
Baughn et al.6


	
	pheS* system
	Mechanism: Allelic exchange; Metabolic counterselection
• Pros: Scarless
• Cons: Variable p-Cl-Phe sensitivity
	4.17% – 72.2%
	27.0 kb (∆)
	Kino et al.7

	
	Inducible toxin system (Bte1/Bfe1)
	Mechanism: Allelic exchange; Toxin counterselection
• Pros: Scarless; Wild strain compatibility; 
• Cons: Requires induction
	10.4% – 37.5%; 25% – 75%
	~1.7 kb (∆); ~36.0 kb (∆)
	Bencivenga-Barry et al.8
García-Bayona et al.9

	
	Inulin Selection System
	Mechanism:  Allelic exchange; Inulin positive selection
• Pros: Antibiotic-independent
• Cons: Dependent on host metabolic background
	22% – 55%
	~2.5 kb (∆)
	García-Bayona et al.9

	
	Chimeric 16S
	Mechanism: Single-crossover at 16S rRNA locus;
• Pros: One-step; Non-model strain compatible;
• Cons: Low stability; Backbone cointegration
	37.5%-100%
	~4.2 kb (::) / ~1.0 kb (∆)
	Jin et al.10

	CRISPR-
mediated HR
	FnCpf1-recT
	Mechanism: Inducible DSBs + HR repair
• Pros: Scarless; Precise; High efficiency
• Cons: Efficiency limited by host HR; Requires induction
	3% – 100%
	N/A
	Feng et al.11

	
	FnCas12a/AsCas12f
	
	6.25% – 100%; 57% – 100%
	~1.0 kb (::) / 48.0 kb (∆); ~1.1 kb (∆)
	Zheng et al.12

Zhan et al.13


	Tyrosine Integrases
	NBU1/NBU2 Integrase System
	Mechanism: Site-specific attachment
• Pros: One-step; Large cargo capacity; Stability
• Cons: Non-programmable (att-restricted); Backbone cointegration
	N/A (high efficiency)
	~20-60 kb (::)
	Mimee et al.14
Taketani et al.15
Shepherd et al.16

	Base Editing
	pnCasBS-CBE
	Mechanism: C-to-T Base conversion
• Pros: No DSB; Precise
• Cons: Limited editing window; Reversion risk
	50% – 100%
	N/A
	Liang et al.17

	
	dCas9-PmCDA1
	
	N/A
	N/A
	Beller et al.18

	Transcriptional Regulation
	CRISPRi-dCas9
	Mechanism: dCas9-mediated transcriptional interference
• Pros: Reversible; Ideal for essential gene study
• Cons: Gene knock-down (not knock-out); Potential polar effects
	8 – 60 fold repression
	N/A
	Mimee et al.14
Taketani et al.15


Table S5. Comparison of genome editing tools for gut Bacteroides species.

(::) denotes gene insertion; (Δ) denotes gene deletion; N/A, not available; WT, wild-type; HR, homologous recombination; DSB, double-strand break.
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