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High-throughput retrieval of target 
sequences from complex clone libraries 
using CRISPRi
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The capture of metagenomic DNA in large clone libraries provides 
the opportunity to study microbial diversity that is inaccessible using 
culture-dependent methods. In this study, we harnessed nuclease-deficient 
Cas9 to establish a CRISPR counter-selection interruption circuit (CCIC) 
that can be used to retrieve target clones from complex libraries. Combining 
modern sequencing methods with CCIC cloning allows for rapid physical 
access to the genetic diversity present in natural ecosystems.

CRISPR–Cas systems can be programmed to target essentially any 
unique DNA or RNA sequence when loaded with a homologous guide 
RNA1, and they have been adapted for numerous genetic engineering 
and synthetic biology tools2,3. Cas9 is a dual-RNA-guided DNA nucle-
ase that binds a trans-activating crRNA (tracrRNA) base paired to a 
target-encoding CRISPR RNA (crRNA) forming an active complex that 
can target 20-bp DNA regions that contain a 3′ NGG PAM site4. CRISPR 
interference (CRISPRi) exploits the sequence-specific localization of 
a nuclease-deficient Cas (for example, dCas9) to repress gene expres-
sion by blocking either access to a promoter or transcript elongation.5 
Recently, Cas9 and dCas9 have been adapted as enrichment tools for 
targeted sequencing6, enrichment of mutants within a heterogeneous 
population7 and genotypic enrichment during chemical-genetic pro-
filing8,9. Although dCas9 has generally been targeted to either endog-
enous genomic loci or a limited set of genetic circuits, we reasoned that 
incorporating a degenerate target sequence (barcode) into a synthetic 
circuit would generate a pool of unique constructs that could be selec-
tively targeted by dCas9 to trigger clone-specific tasks. By placing a 
counter-selection marker under the control of such a circuit, silenc-
ing a specific barcode sequence would lead to target retrieval (that is, 
survival) under selective conditions. The development of a method 
for rapid and high-throughput retrieval of specific sequences from 
large clone libraries would accelerate the discovery of novel genes 
and biosynthetic gene clusters (BGCs). This is particularly true when 
exploring microbial communities using culture-independent (for 
example, metagenomic) methods where metagenomic libraries can 
contain tens of millions of unique clones due to the immense diver-
sity present in natural ecosystems. The targeted retrieval of clones 
from large metagenomic libraries has been limited to a laborious 

multi-step dilution and polymerase chain reaction (PCR) screening 
method10, which remains a key bottleneck in discovery pipelines/plat-
forms. Although CRISPR–Cas has been used to streamline a number of 
methods for the precise cloning of target genomic sequences11–13, these 
methods have not been adapted to access sequences from complex 
metagenomic libraries. In this study, we developed a barcoded CRISPR 
counter-selection interruption circuit (CCIC) that we combined with 
two advanced sequencing methods—PacBio long-read sequencing14 and 
edge mapping15—for rapid indexing and retrieval of target sequences 
from complex metagenomic and genomic libraries.

Targeting dCas9 to a sequence between a counter-selection gene 
and its promoter should abrogate expression and allow for survival 
under otherwise selective conditions (Fig. 1a). To test the feasibility of 
a CCIC, we used a pair of P1-derived artificial chromosome (PAC)16 vec-
tors that were identical except for their multiple cloning sites (MCSs) 
located between sacB and its strong constitutive promoter (Fig. 1b). 
This allowed us to design a guide RNA homologous to a sequence 
within the pPAC-T MCS (that is, target) that was not present in the 
MCS of pPAC-N (that is, negative). SacB causes cell death by producing 
toxic levan in the presence of sucrose17. Sequence-specific survival on 
sucrose was observed only when a plasmid expressing dCas9, trac-
rRNA and target-specific cRNA was provided (Fig. 1c). The highest 
level of survival was observed using Escherichia coli with a genomi-
cally integrated dcas9 transformed with a guide plasmid expressing 
a tracrRNA/cRNA chimera (single guide RNA (sgRNA); Fig. 1c). We 
tested whether this system could be used to recover a single target 
PAC present in populations of 5,000, 50,000 and 100,000 non-target 
PACs. Efficient retrieval of the target PAC (positive hit rate >70%) was 
achieved in mixtures of up to 50,000 non-target sequences (Fig. 1d). 
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(Fig. 1f). Generating a large pool of unique barcode sequences located 
between sacB and its promoter was achieved by introducing a degener-
ate 24-bp dCas9-targetable sequence into pCCIC using two-fragment 
cloning (Fig. 1f and Supplementary Fig. 2a). Sequencing of a (meta)
genomic library constructed using a collection of barcoded pCCIC 
vectors will link specific captured sequences with the unique vector 
barcodes. Any clone within the library can then be easily retrieved by 
barcode-specific dCas9-mediated inhibition of sacB expression, lead-
ing to clone-specific survival on sucrose-containing media (Fig. 1e). We 
found that addition of the barcode invariably led to sucrose escape 
mutants, with the highest fidelity cloning (two-fragment ligation) lead-
ing to ~0.15% escapes (Supplementary Fig. 2a). Sucrose escape mutants 
will result in false-positive colonies appearing on selective media, 
thereby increasing the number of colonies that must be screened 
to identify a desired target during retrieval. As an example, at 0.15% 
one would expect 15 false positives when retrieving a target from a 
10,000-member library. To generate high-fidelity pools of CCICs, we 
developed a procedure where sub-pools of clones were grown, checked 
for CCIC integrity and then pooled to generate ‘scrubbed’ pools with 
substantially reduced escape frequencies (Supplementary Fig. 2b; 
fidelity >99.999%). With the fidelity improvement, one would now 

The target PAC was also retrieved from the 100,000 non-target mixture, 
albeit with ten-fold-reduced efficiency (Fig. 1d). These studies, using a 
model two-vector mixture, confirmed the potential for a CCIC to allow 
targeted retrieval of sequences from complex mixtures.

Cosmid library construction using lambda phage packaging offers 
a simple method for large-scale capture of high-molecular-weight 
metagenomic DNA fragments18. To test CCIC-based sequence retrieval 
from large-insert clone libraries, we developed a CCIC-containing cos-
mid vector. Among the various sacB promoter and replication origin 
options we tested, the combination of TetR-repressed sacB carried on 
a pMB1 backbone showed the best overall CCIC performance (Supple-
mentary Fig. 1). These components were, therefore, used to construct 
the cosmid cloning vector pCCIC. Lambda phage efficiently packages 
DNA fragments from 37 kb to 52 kb in size19, and so libraries constructed 
with the 6-kb pCCIC are expected to contain 31–46-kb metagenomic 
inserts (Supplementary Table 1; average insert of 35.6 ± 0.4 kbp). 
CCIC-based retrieval relies on each vector within a library containing 
a unique sequence between sacB and its promoter. This sequence acts 
both as a barcode for the captured DNA and a guide RNA target for 
dCas9-mediated repression (Fig. 1e). This was achieved by introducing 
a degenerate 24-bp barcode/dCas9-targetable sequence into pCCIC 
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Fig. 1 | CCIC development and its application for target sequence retrieval. 
a, CCIC concept: dCas9 loaded with a guide RNA (solid blue box) targeting a 
sequence downstream of sacBʼs promoter (open blue box) will lead to repression, 
allowing for survival on sucrose media. A non-target sequence is not recognized 
(open red box), leading to cell death upon sucrose exposure. b, A guide RNA 
corresponding to pPAC-T (blue), but not in pPAC-N (red), was designed to test 
the feasibility of selective dCas-mediated sacB repression. c, Effectiveness 
of dCas9-mediated sacB repression measured as % survival of transformants 
containing pPAC-T (blue) or pPAC-N (red) on sucrose-containing media relative 
to non-sucrose media. dCas9 components were provided on a plasmid (pdCas9), 
or sgRNA was expressed in a strain with genomically incorporated dCas9 under 
its native promoter (gdCas; E. coli NdC). d, Direct retrieval of pPAC-T when mixed 
with pPAC-N at different ratios. Number of pPAC-T colonies (blue) are identified, 
and the pPAC-N colonies screened (black) are indicated. e, General CCIC library 
concept. Genomic or metagenomic DNA is cloned into a collection of barcoded 

CCIC vectors to generate a (meta)genomic library. The resulting library is 
sequenced to link a unique barcode with each DNA insert. A target clone can then 
be retrieved by dCas9-mediated repression of sacB (orange) using barcode (open 
green box)-specific guide RNAs (solid green box) and plating on sucrose media. 
f, Plasmid map of pCCIC containing a degenerate barcode validated by Sanger 
sequencing. g, Silencing of barcoded metagenomic cosmids (cosmid ‘A’, cosmid 
‘B’ and pool of ‘5,000’ cosmids) at various sucrose concentrations using barcode-
specific sgRNAs (S), universal NP1 sgRNA (U) or a non-specific sgRNA (N).  
E. coli JdC, containing genomically integrated dCas9 with a strong constitutive 
promoter, was used. h, Direct retrieval of cosmid ‘A’ and ‘B’ from cosmid libraries 
of different sizes using 0.07% sucrose counter-selection. Isolated guide plasmids 
or guide plasmid ligations specific for cosmid ‘A’ and ‘B’ barcodes were tested for 
retrieval. Data in c, g and h are presented as mean values ± standard deviation 
(n = 3 independent transformations and screenings per retrieval).
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expect 0.1 false-positive colonies for every on-target colony found 
using CCIC retrieval from a 10,000-member library. dCas9-mediated 
silencing of sacB expression by targeting pCCIC barcodes was then 
optimized by increasing dCas9 expression levels and screening the 
sucrose concentration used for selection (Supplementary Fig. 3).

To investigate CCIC utility for isolating target sequences from 
complex mixtures, we generated a cosmid-based library from soil 

metagenomic DNA and attempted to recover two randomly selected 
clones. Barcodes from these clones were sequenced and used to generate 
guide plasmids expressing homologous sgRNAs. A range of sucrose con-
centrations was tested for optimal dCas9-mediated survival of the indi-
vidual barcoded clones using their specific guide plasmids (Fig. 1g: S).  
Fidelity of the CCIC in individual clones, as well as a pool of 5,000 
metagenomic clones, was confirmed by silencing with a universal 
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Fig. 2 | Targeted retrieval from metagenomic and genomic CCIC libraries. 
a, Top: general outline of metagenomic mining using CCIC retrieval. (1) Soil-
extracted DNA is cloned into barcoded pCCIC (barcodes are blue gradient boxes; 
sacB is in orange) using lambda phage packaging (2) to create a cosmid library in 
E. coli. (3) The cosmid library is sequenced by PacBio HiFi CSS. (4) Bioinformatic 
analysis of the assembled sequence data identifies captured diversity and vector 
barcodes. (5) Guide RNA matching a desired barcode is transformed into the 
library pool (6) triggering target-specific dCas9 silencing of sacB, leading to 
target retrieval by clone-specific survival on sucrose. Bottom: CCIC retrieval 
was used to isolate four CRISPR–Cas systems and a diverse collection of BGCs 
representing 12 different major biosynthetic classes. b, Top: general pipeline 
for genomic library mining using edge mapping and CCIC. (1) Genomic DNA is 
ligated into barcoded pCCIC vectors (barcodes are blue gradient boxes; sacB is in 
orange) by lambda phage packaging (2) to generate a cosmid library. (3) Library 
DNA is fragmented using Nextera ‘tagmentation’ (that is, Tn5 transposase), 

allowing for PCR amplification of fragments containing both a vector barcode 
and the edge of the cloned sequence. (4) Sequencing-ready amplicons are 
generated allowing for (5) paired-end MiSeq reads to link barcodes and the edge 
sequences. (6) As lambda phage captures 30–40 kb of sequence, these data 
generate a comprehensive index of captured regions across a reference genome. 
(7) A guide RNA matching a desired barcode linked to a target genomic region 
is transformed into the library pool triggering target-specific dCas9 silencing 
of sacB and (8) leading to target retrieval by clone-specific growth on sucrose. 
Middle: edge mapping data from an 11,000-member S. albidoflavus cosmid 
library overlaid on the reference genome annotated with the location of 23 BGCs. 
Bottom: All previously uncharacterized BGCs that could fit on a single cosmid 
were isolated using edge mapping and CCIC retrieval. The precision of edge 
mapping also allowed us to isolate two overlapping cosmids that contained a  
41-kb polyketide synthase BGC (#5). Arrows indicate the edge of each cosmid.
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guide plasmid that targets a constant sequence in the vector (Fig. 1g: U)  
and by lack of survival on sucrose with non-specific guides (Fig. 1g: N). 
Using our final CCIC selection protocol, the randomly chosen barcoded 
clones were easily retrieved from pools of up to 20,000 metagen-
omic clones using their corresponding guide plasmids (Fig. 1h). In 
these initial studies, we used purified guide plasmids for each retrieval 
experiment. In an effort to further simplify the CCIC method, we tested 
whether the ligation reactions that generated the guide plasmids could 
be used directly for retrieval. As seen when using purified guide plas-
mid clones, direct transformation of the ligation reactions resulted in 
successful target retrieval from pools containing as many as 20,000 
distinct clones (Fig. 1h). These studies indicated that barcoded CCIC 
clone libraries could provide a simple and rapid way to recover targeted 
DNA sequence from a complex mixture.

We next used the CCIC method to recover potentially high-value 
sequences of interest (that is, natural product BGCs and CRISPR–Cas 
systems) from the 10,000-clone metagenomic library used in Fig. 1h. 
To link barcodes with specific cosmid inserts, we sequenced the library 
pool using PacBio HiFi long-read technology.14 Assembled contigs 
containing barcodes were analyzed for BGC content and phage-defense 
systems using the publicly available prediction tools antiSMASH20 and 
DefenseFinder21, respectively. Based on these analyses, 66 cosmids 
predicted to contain 12 different classes of core biosynthetic genes 
and four cosmids containing CRISPR–Cas genes were selected for 
retrieval. Barcodes from the 70 target cosmids were used to design 
sgRNAs, and direct transformation of the guide plasmid ligation (like 
Fig. 1h) allowed us to recover over 95% of our desired targets (Fig. 2a). 
Guide RNAs are known to have varied activities22, with low-efficacy 
guides possibly contributing to the failure of some retrieval attempts. 
A ‘postmortem analysis’ of the CCIC method indicated that the posi-
tive hit rate for a retrieval likely depended on a combination of guide 
strength, cosmid copy number and varied clone abundance within the 
library (Supplementary Fig. 4 and Supplementary Note 1). Multiple 
mechanisms of sucrose escape were observed upon sequencing a 
collection of false-positive clones (Supplementary Table 2 and Sup-
plementary Note 1). All desired targets could likely be retrieved from a 
library with increased coverage (that is, as few as two available barcodes 
for each target). From receiving primers to recovery of the clone of 
interest, CCIC retrieval requires just 2 days, which is a marked increase 
in efficiency compared to all other methods that we have explored 
(Supplementary Note 2).

As an alternative to linking inserts to barcodes using long-read 
sequencing, the proximity of the barcode to one edge of the DNA cap-
tured in pCCIC led us to develop a PCR-based ‘edge mapping’ method 
that can be used to index a complex clone library with minimal effort 
and sequencing resources. Although several methods exist to precisely 
extract sequences from sequenced genomes23, the large-scale parallel 
cloning of target genomic regions remains cumbersome. As genomic 
libraries are created in a sequence-independent manner, they can 
easily capture all of the encoded diversity with only the bottleneck of a 
laborious screening step limiting the rate of target sequence retrieval23. 
For edge mapping, Tn5 transposase tagmentation24 was used to insert 
known sequence tags upon DNA fragmentation, which allowed us to 
amplify fragments containing the vector barcode and the edge of 
each cloned sequence by PCR. Paired-end MiSeq reads then linked the 
barcode to the edge sequence, generating a comprehensive index of 
captured regions with the assumption that lambda phage packaging 
captured the expected 31–46 kb of sequence (Fig. 2b). Paired with CCIC, 
this allowed for high-throughput retrieval of specific genomic loci.

To demonstrate the utility of edge mapping for BGC retrieval, 
we generated a high-density cosmid library (~11,000 clones = ~195× 
genome coverage) from the genomic DNA of Streptomyces albidoflavus 
J1074, a representative BGC-rich Actinomycete. Edge sequences from 
this library were linked to a total of 10,145 unique barcodes, mapped 
to the S. albidoflavus genome, and clones predicted to contain nine 

uncharacterized BGCs that could each be carried on a single cosmid 
were identified and retrieved from the library by CCIC (Fig. 2b). With 
the exception of one BGC, all target BGCs were retrieved on the first 
attempt. Due to the saturation level of the library (Supplementary 
Fig. 5), a second barcode/guide was identified and used to success-
fully recover the final BGC. As the edge mapping produced base pair 
resolution of captured edges, it was possible to identify precise sets of 
overlapping cosmids for BGCs too large to capture on a single cosmid. 
As an example, we used our mapping data to recover two overlapping 
cosmids that contained a polyketide synthase BGC (Fig. 2b). Overall, 
these data demonstrated the utility of CCIC to easily scale the capture 
and retrieval of target sequences from sequenced genomes (Sup-
plementary Note 3). In the case of metagenomic libraries, edge map-
ping should be particularly useful for indexing large libraries to guide 
the identification of overlapping clones (Supplementary Fig. 6a),  
which has been a key bottleneck in the cloning of large complete 
metagenomic BGCs that require multiple cosmids to fully assemble. 
Alignment of edge mapping data from our 10,000-member metagen-
omic library to the PacBio assemblies predicted several instances of 
potentially overlapping cosmids. We confirmed one of the predictions 
by retrieval of cosmids associated with PacBio contig 1,912, including 
the edge barcode (barcode operational taxonomic unit (OTU) 477) and 
the internally mapped barcode OTU 315 (Supplementary Fig. 6b and 
Supplementary Note 2). We also found that edge mapping provides 
a cost-effective means of correcting low-quality barcode sequences 
found in long-read sequencing datasets (Supplementary Fig. 7 and 
Supplementary Note 2).

As next-generation sequencing methods have increasingly pro-
vided unprecedented bioinformatic access to genetic diversity25, 
methods for physically accessing sequences of interest have remained 
rudimentary. By harnessing the vast target potential of dCas9, CCIC 
cloning opens the door to rapid, scalable and cost-effective indexing 
and retrieval of target sequences. Although we applied CCIC to accel-
erate (meta)genomic mining, we are excited to see how the general 
concept of incorporating degenerate Cas-targetable barcodes into 
genetic circuits is expanded into other areas of synthetic biology in 
the future.
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Methods
Strain and vector construction
Construction of strains and vectors used in this study are detailed in 
the Supplementary Methods. A strain table including previously pub-
lished strains and constructs26–32 is provided as Supplementary Table 3,  
and the primers used for constructions in Supplementary Table 4.

Barcoding
The CCIC system depends on a unique dCas9-targetable sequence 
being present between sacB and its promoter. Based on Cas9 prefer-
ence data from Doench et al.33, which focused on the rational design 
of highly active sgRNA for Cas9 cleavage, we designed the degenerate 
sequence NNDNNNNNHNNNNHDHHVVRvggh that we thought could 
serve this role and minimize poorly targeted sgRNA sequences. We 
then modified this sequence to eliminate the presence of SmaI, SpeI 
and MscI restriction sites, resulting in the final degenerate sequence 
NNDNYNBVHBYNNMDHHRVRmggw. This sequence served as the 
barcode/sgRNA target. Two methods were tested for barcode addi-
tion: whole-vector PCR followed by SpeI digest and self-ligation and 
two-fragment ligation. The two-fragment ligation showed the lowest 
CCIC escape frequency (Supplementary Fig. 2) and was, therefore, used 
for the large-scale barcode cloning method described below.

Barcode sequences were added by restriction cloning using SpeI 
and MscI, where the primer BCode_Msc_R was paired with degenerate 
sequence-appended primers to generate a barcoded amplicon. The 
primers BCode_SpeI_F and BCode_NP1 were used to barcode pWEB.
tS-MA for experiments presented in Supplementary Fig. 3b and Sup-
plementary Fig. 3d,e, respectively, whereas the primer BCode_Final 
was used to barcode pCCIC for library construction. In each case, the 
non-barcoded vector was used as the template for PCR. For large-scale 
barcoding, multiple PCR reactions were pooled and purified. The puri-
fied PCR product was polished with T4 DNA polymerase (New England 
Biolabs (NEB)) per the manufacturerʼs instructions and once again 
column purified. The column eluent was digested with SpeI and MscI 
and then gel purified. Each vector was digested with SpeI and MscI, and 
the backbone fragment was gel purified. The final polished, digested 
and gel-purified barcoded PCR product was ligated with the purified 
vector backbone fragment in 20 μl of ligation reactions with T4 DNA 
ligase (NEB) (16 hours, ~22 °C). Each reaction contained 120 ng of the 
barcoded amplicon and 50 ng of vector backbone. Ligations were trans-
formed into TransforMax EC100 (Lucigen EC10010) electrocompetent 
cells and recovered in LB shaking (200 r.p.m.) at 37 °C for 45 minutes. 
Aliquots of transformations were plated on LB with chloramphenicol 
to estimate the cloned titer, and the remaining culture was added to 
LB with chloramphenicol at a 1:40 ratio to amplify the barcoded vec-
tor library. Ligations were scaled as necessary to produce the desired 
quantity of barcoded vector.

Barcode scrubbing
The barcoded pool of pCCIC vectors contained clones that escaped 
sucrose counter-selection. Although the escape frequency was low 
(~1/660), it was enough to interfere with the efficiency of targeted 
recovery from large clone pools. To decrease the rate of sucrose 
escape mutants, we developed a procedure where sub-pools of clones 
were grown, checked for CCIC integrity and then pooled to generate 
‘scrubbed’ barcoded pCCIC vector pools. A barcoded vector pool 
or cosmid library was grown overnight to confluence in LB + chlo-
ramphenicol at 37 °C and 200-r.p.m. shaking. The optical density 
at 600 nm (OD600) was measured, and the culture was diluted to a 
titer of ~200 cells per 50 μl in fresh LB + chloramphenicol. This dilu-
tion was based on the assumption that an OD600 of 1 corresponded to 
3 × 108 colony-forming units per milliliter (CFU ml−1) of E. coli. Then, 
25 ml of diluted culture was prepared for each 384-well microplate 
to be seeded. A 12-channel pipette was used to seed each well in a 
384-well microplate (VWR, 781281) with 50 μl of the diluted cells. The 

plate(s) were then grown overnight at 37 °C and 400-r.p.m. shaking. 
To confirm the titer of the dilute cell preparation, three LB + chloram-
phenicol agar plates were spread with 50 μl of the dilution and grown 
overnight at 37 °C. Colonies were counted the next day to generate 
an exact titer for each experiment. LB agar with chloramphenicol, 
1% sucrose and 100 ng ml−1 of anhydrotetracycline was prepared in 
OmniTrays (Thermo Fisher Scientific, 242811) that match the shape of 
the 384-well microplates. A 384-pin multi-blot replicator (VP 384, V&P 
Scientific) that delivers ~0.2 μl was used to replica-plate the microplate 
cultures onto the agar OmniTrays. The pinned OmniTrays were then 
grown overnight at 37 °C, and the microplates were stored at 4 °C. 
After overnight incubation, the OmniTrays were examined to deter-
mine which microplate wells did not generate any visible growth. The 
‘no-growth’ wells were combined to generate a ‘scrubbed’ pool. The 
scrubbing process is illustrated with example results in Supplementary 
Fig. 2b. Although likely compatible with automation, this scrubbing 
process was designed to generate robust libraries by hand without 
requiring expensive specialized tools, thus making it accessible to as 
many laboratories as possible. In the course of multiple experiments 
to establish the CCIC method, a single postdoctoral researcher was 
able to scrub more than 1 million clones using the described method. 
For the metagenomic library construction, a scrubbed vector pool of 
~350,000 clones was generated. We note that the escape frequency 
increased after the metagenomic DNA cloning step, implying that 
each cloning reaction generates CCIC escape constructs. Therefore, 
for the Streptomyces genomic DNA library construction, we used the 
20-million-barcode pool for library construction and scrubbed the 
library after cloning.

Preparation of CaCl2 competent cells and transformation
The protocols for generating CaCl2 competent cells and transformation 
were as described by Chan et al.34 with minor modifications. Competent 
cell aliquots were incubated with DNA on ice for 30 minutes, followed 
by heat-shock at 45 °C for 45 seconds, ice incubation for 1 minute and 
recovery in 1 ml of LB, followed by the addition of 1 ml of LB broth. 
The tube was then placed in a 37 °C shaking (200 r.p.m.) incubator for 
30-minute recovery. Recovery times for CCIC are described below.

Sucrose survival assays and direct recovery
Spotting assay. To investigate the survival elicited by dCas9 silencing 
of sacB expression (presented in Fig. 1), we spotted a serial dilution of 
E. coli transformations on selective and non-selective media and com-
pared the CFU. After guide RNA was transformed into target competent 
cells and the subsequent recovery (described below), a ten-fold serial 
dilution series was prepared from no dilution up to 10−7. Then, 6 μl of 
each dilution was spotted onto selective and non-selective media, and 
the plates were incubated overnight at 37 °C. Colony counts were then 
performed, and the survival percentage (colonies on selective media 
versus non-selective media) was calculated.

Recovery conditions. Vectors tested in Fig. 1c,d had a recovery of 
1-hour shaking (200 r.p.m.) at 37 °C, after which spectinomycin and 
chloramphenicol were added, and the recovery continued shaking 
(200 r.p.m.) at 37 °C for an additional 1 hour. The selective plates 
contained 5% sucrose and 50 μg L−1 of aTc. Derivatives of pCCIC 
(tested in Fig. 1g,h and Fig. 2) were recovered for 1-hour shaking 
(200 r.p.m.) at 37 °C. Selective plates contained 100 μg L−1 of aTc and 
the indicated sucrose concentrations or, for the mass recoveries in 
Fig. 2, 0.07% sucrose.

Screening clones. To rapidly screen constructs (pPAC-T or pPAC-N) 
isolated in the recovery experiments presented in Fig. 1d, colony PCR 
was carried out using primers pPACMCSeq_F and pPACMCSeq_R. 
pPAC31-N would generate a 184-bp band, whereas pPAC31-T would 
generate a 247-bp band. These differences were well-resolved on a 2% 
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agarose gel. Colonies were suspended in 30 μl of water, and 1 μl of the 
suspension was used as template for a 25-μl PCR reaction using Q5 
polymerase as per the manufacturerʼs instructions. Sanger sequenc-
ing of representative clones, using the sacBout primer, was used to 
confirm the PCR results. To rapidly screen barcoded vectors, colony 
PCR was performed using the BC_pullR primer paired with the sgRNA/
barcode sequence. For Fig. 1h primers, 350A and 350B were used. 
Colonies were screened as described above, with the following minor 
modifications. Due to the large number of clones to be screened, Syto 
9 (Thermo Fisher scientific) was added to the PCR mixture (0.0025 μl 
per 25 μl), and post-PCR melt curve analysis (0.5 °C increments from 
75 °C and 95 °C) was carried out using a CFX384 Touch Real-Time PCR 
Detection System paired with a C1000 Touch thermal cycler (Bio-Rad). 
We confirmed that a melt curve peak at ~84 °C was diagnostic of a posi-
tive hit by Sanger sequencing representative clones with the sacBout 
primer. The presence of this peak was used, at scale, to determine 
correctly recovered clones.

CCIC recovery
As described above for the rapid screening of barcoded vectors, 
CCIC-recovered colonies were screened by pairing the BC_pullR 
primer with target barcode sequence primer. The primers used for 
the metagenomic and genomic library recoveries are listed in Sup-
plementary Tables 5 and 6, respectively. To ensure that large-scale 
screening was as cost-effective as possible, 10-μl PCR reactions with 
Taq were used. For each screen, colonies were suspended in 30 μl of 
water, and 1 μl of the suspension was added to a 10-μl PCR reaction as 
described below:

PCRs were run in 384-well plates using a CFX384 Touch Real-Time 
PCR Detection System paired with a C1000 Touch thermal cycler 
(Bio-Rad) and the follow cycling conditions: 94 °C for 2 minutes, 34 
cycles of 94 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 30 sec-
onds and then a final extension of 1 minute at 72 °C. A melt curve with 
0.5 °C increments from 75 °C and 95 °C was performed after PCR. Clones 
containing the desired barcode had a melt curve peak at ~80 °C (shifted 
from ~84 °C due to the change in the PCR buffer). Sanger sequencing of 
the barcode using the sacBout primer and the edge of the insert, using 
the M13-40FOR primer, were used to confirm isolation of the target 
clone. For large-scale recovery efforts, eight colonies were screened 
per barcode target. If no correct peak was identified, an additional 24 
colonies were screened. In general, most (>70%) targets were identified 
with screening eight colonies.

Soil metagenomic DNA isolation
Soil metagenomic DNA was extracted according to previously pub-
lished protocols18.

S. albidoflavus J1074 genomic DNA extraction
S. albidoflavus J1074 was shaken (200 r.p.m.) in 30 ml of TSB within a 
baffled 125-ml flask containing a 3-cm3 piece of chicken wire at 30 °C 
until saturation. One milliliter of culture was centrifuged in a 2-ml 

Eppendorf tube, washed once with 500 μl of GTE (25 mM Tris-HCl pH 
8, 10 mM EDTA and 50 mM glucose) and re-suspended in 500 μl of 
GTE containing 1 mg ml−1 of lysozyme. The suspension was incubated 
for 60 minutes at 37 °C, followed by the addition of 50 μl of 10 mg ml−1 
Proteinase K and 100 μl of 10% SDS. After mixing by inversion, the 
sample was incubated at 55 °C for 60 minutes. Then, 200 μl of 5 M 
NaCl and 160 μl of Na-CTAB (mixture of 4.1% w/v NaCl and 10% w/v 
hexadecyltrimethylammonium bromide) were added; the sample 
was mixed by pipetting and then placed at 65 °C for 10 minutes. An 
equal volume (1 ml) of chloroform-isoamyl alcohol (24:1) was then 
mixed in by pipetting, and the sample was centrifuged at 24,000 g for 
5 minutes. The top aqueous layer (~800 μl) was transferred to a 1.5-ml 
Eppendorf tube; 560 μl of isopropanol was added; and the genomic 
DNA was left to precipitate at ~22 °C for 5 minutes. The DNA was then 
pelleted by centrifugation at 24,000 g for 15 minutes, washed once 
with 500 μl of 70% ethanol and air dried for 20–30 minutes. Finally, 
the extracted genomic DNA was re-suspended in 250 μl of water with 
heating at 50–55 °C.

Lambda phage packaging
Vectors for packaging were digested with SmaI and dephosphoryl-
ated using Quick CIP (NEB) according to the manufacturer’s instruc-
tions. DNA extracts were blunted using the End-It DNA End-Repair 
Kit (Lucigen) according to the manufacturer’s instructions. A 5-μl 
ligation reaction with 125 ng of blunted insert DNA and 250 ng of vec-
tor using the Fast-Link DNA Ligation Kit (Lucigen) was prepared and 
incubated overnight at ~22 °C. The ligation was then used for lambda 
phage packaging with MaxPlax Lambda Packaging Extracts (Lucigen) 
according to the manufacturer’s instructions. For the metagenomic 
library, multiple pools of ~5,000 metagenomic clones each were 
generated from the 350,000 scrubbed barcoded pCCIC vector pool 
and mixed together as needed. For the S. albidoflavus library, the 
20 million barcoded ‘unscrubbed’ pCCIC vector pool was used to 
construct an estimated ~35,000-cosmid pool, from which a ~11,000 
library was ‘scrubbed’.

Long-read sequencing
The pool of 10,000 metagenomic cosmid clones was plasmid prepped, 
and the extract was treated with plasmid safe (Lucigen) overnight, 
according to the manufacturer’s instructions, to remove sheared cos-
mids and E. coli genomic contamination. The sample was then submit-
ted to the Vertebrate Genomes Laboratory (Rockefeller University) for 
PacBio library preparation and HiFi sequencing.

Edge mapping
The method was develop based on a previously established Tn-Seq 
protocol15. Nextera XT tagmentation was performed as per the manu-
facturer’s instructions (10 μl of TD, 5 μl of DNA and 5 μl of ATM) with a 
total of 2 ng of the scrubbed library. Three tagmentation reactions were 
run in parallel. The DNA Clean & Concentrator-5 (Zymo Research) with 
a 5:1 ratio of DNA binding buffer was used to pool, purify and concen-
trate the three tagmentation reactions into a 10-μl elution volume. A 
100-μl master PCR mix was prepared with 36 μl of water, 50 μl of Buffer 
G (Lucigen), 10 μl of eluate, 2 μl each of the P7tag and BC_F primers at 
20 μM and 1 μl of Taq (Bulldog Bio). The master mix was split into five 
20-μl PCR reactions. PCR was performed using the following condi-
tions: 95 °C for 1 minute, followed by 18 cycles of 95 °C for 30 seconds, 
55 °C for 30 seconds and 72 °C for 90 seconds. The PCR reactions were 
then separated on a 1.5% agarose gel, and the smear between 1 kb and 
1.5 kb was purified. The DNA concentration of the 20-μl elution was 
determined using a Qubit dsDNA high-sensitivity assay. Then, 0.6 ng 
of DNA was used to seed 20 μl of second-stage PCR reactions set up in 
triplicate. PCR reaction were set up as follows: 10 μl of Buffer G, 0.2 μl 
of Q5 polymerase (NEB), 0.8 μl of i7 Nextera XT DNA Library Prep Kit 
primer (Illumina) and 0.4 μl of an equimolar mixture of four reverse 

Component μl

Water 6.7

Bulldog Buffer 1

5 M betanine 1.6

10 mM dNTP 0.2

50 μM primer F 0.2

50 μM primer R 0.2

Taq 0.1

Syto 9 0.005

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Brief Communication https://doi.org/10.1038/s41587-022-01531-8

primers (P5_BCodeNest_F1–4) mixed to a final concentration of 20 μM. 
The PCR program used was 98 °C for 30 seconds, followed by 11 cycles 
of 98 °C for 20 seconds, 55 °C for 20 seconds, 72 °C for 45 seconds and 
a final extension of 72 °C for 60 seconds. The PCR reactions were then 
separated on a 1.5% agarose gel with the ~1,200-bp amplicon smear 
excised and purified. The amplicon was sequenced using MiSeq Rea-
gent Nano Kit v2–300 cycles (Illumina). A custom Read 1 sequencing 
primer, Read1seq, was loaded into reagent cartridge position 18 as per 
the manufacturer’s instructions.

PacBio sequencing processing
PacBio HiFi sequencing of the 10,000 metagenomic cosmids library 
generated 4.73 Gbp of data with an average insert length of 7 kb; the 
raw data were assembled using Flye version 2.9-b1768 in metagen-
omic mode (that is, metaFlye35) with the ‘pacbio-hifi’ option. Gen-
erated contigs were analyzed by antiSMASH 5.1 (ref. 36) for BGCs 
using the ‘relaxed’ setting and the ‘–cb-general–cb-knownclusters–
cb-subclusters–genefinding-tool prodigal-m’ options. For anti-phage 
mechanisms (that is, CRISPR–Cas), DefenseFinder21 was run using 
default settings. antiSMASH predicted 200 total clusters from which 
at least one example of each core biosynthetic feature was selected for 
recovery. To account for possible assembly or sequencing errors, con-
tigs that contained multiple barcodes, as well as contigs with barcodes 
that did not match the expected degenerate sequence, were removed. 
A type 1 PKS cluster (contig 2,441) was predicted as two overlapping 
cosmids, and so both were recovered. In total, 70 cosmid targets 
accounting for 65 clusters and four CRISPR–Cas predictions were 
selected to demonstrate CCIC recovery. Sequences of the isolated 
cosmids have been deposited in GenBank, ON996267–ON996333, 
along with the barcode OTU lassopeptide BGC from edge mapping 
(GenBank OP058960).

Edge mapping
Read 1 sequences that contained barcodes were identified by search-
ing for the fixed pattern ‘CTAATTGGCCGTCGA’ using the ‘locate’ 
command in SeqKit version 2.1.0 (ref. 37). The 35-bp region upstream 
of this pattern, which contained the PAM, barcode, SpeI cloning site 
and an extra 5 bp, was extracted from each read. The extracted bar-
code sequences were then clustered at 94% identity using VSEARCH 
version 2.18.0 (ref. 38) to generate OTUs. OTUs comprising at least ten 
sequences were carried forward, which gave 10,145 barcode OTUs. 
The paired Read 2 sequences associated with each barcode OTU 
were retrieved, trimmed to 100 bp and re-labeled to contain the bar-
code OTU ID (the script used is available at https://doi.org/10.5281/
zenodo.6574918). The trimmed reads were then mapped to the  
S. albidoflavus J1074 reference genome (GenBank CP004370) using 
minimap2 version 2.24-r1122 (refs. 12,13) and visualized using UGENE 
version 42.0 (ref. 39). An example of the visualization is provided in 
Supplementary Fig. 5.

The S. albidoflavus reference genome was analyzed by antiSMASH 
(https://antismash.secondarymetabolites.org) with the default relaxed 
setting and all extra features selected. The antiSMASH output was 
used as an overview of the total BGC content as well as the boundaries 
of each cluster. Barcode OTUs associated with edge sequences that 
mapped close to a desired cluster were identified. Target barcode OTU 
sequences were retrieved, and a homologous sgRNA cloning primer 
was ordered for guide plasmid construction as described in the ‘Clon-
ing sgRNA constructs’ methods section. The isolated region 8 cosmid 
contained a 17-kb segment of the genome beginning at the target OTU 
but was fused with 18 kb of a separate genomic region; the 17 kb was 
enough to capture the complete region 8 cluster.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
pCCIC has been deposited as GenBank ON804120. Recovered BGC 
clusters containing cosmid clones have been deposited as GenBank 
ON996267–ON996333 and OP058960. The S. albidoflavus J1074 ref-
erence genome used is publicly available as GenBank CP004370. The 
Comprehensive Antibiotic Resistance Database, used for antibiotic 
resistance analysis of sucrose escape clones, is publically available 
at https://card.mcmaster.ca. Other data are available from the corre-
sponding authors upon reasonable request. Source data are provided 
with this paper.

Code availability
Publicly available Flye version 2.9-b1768, antiSMASH 5.1, Defense Finder 
1.0.8, SeqKit version 2.1.0, VSEARCH version 2.18.0, minimap2 version 
2.24-r1122 and UGENE version 42.0 were used for sequence assembly 
and analysis. Custom code generated for edge mapping has been 
deposited in Zenodo (https://doi.org/10.5281/zenodo.6574918).
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