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ABSTRACT: Controlling the copy number of gene expression
cassettes is an important strategy to engineer bacterial cells into
high-efficiency biocatalysts. Current strategies mostly use plasmid
vectors, but multicopy plasmids are often genetically unstable, and
their copy numbers cannot be precisely controlled. The integration
of expression cassettes into a bacterial chromosome has
advantages, but iterative integration is laborious, and it is
challenging to obtain a library with varied gene doses for
phenotype characterization. Here, we demonstrated that multicopy
chromosomal integration using CRISPR-associated transposases
(MUCICAT) can be achieved by designing a crRNA to target multicopy loci or a crRNA array to target multiple loci in the
Escherichia coli genome. Within 5 days without selection pressure, E. coli strains carrying cargos with successively increasing copy
numbers (up to 10) were obtained. Recombinant MUCICAT E. coli containing genomic multicopy glucose dehydrogenase
expression cassettes showed 2.6-fold increased expression of this important industrial enzyme compared to E. coli harboring the
conventional protein-expressing plasmid pET24a. Successful extension of MUCICAT to Tatumella citrea further demonstrated that
MUCICAT may be generally applied to many bacterial species.
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Next-generation sequencing and low-cost DNA synthesis
technology provide massive genetic resources together

with fast and inexpensive access to gene acquisition, which
offers near-infinite possibilities for the design and creation of
biocatalysts.1 Optimizing the genetic dose of a specific gene for
efficient expression is a key step in the engineering of high-
performance biocatalysts.2 However, commonly used methods
relying on plasmids are generally genetically unstable.3,4 It is
challenging to accurately control the dose of the gene
expression cassette due to the limited plasmid replicons and
the varied external factors that affect the copy number of a
plasmid.5,6 Chromosomal integration methods provide precise
gene dosage control and recombinant genetic stability.
However, even with E. coli, which is one of the most
genetically tractable microorganisms, at least 2 days were
needed for one copy of chromosomal integration, making it
difficult to quickly obtain recombinant descendants that have
successively varied copy numbers of gene expression cassettes.7

Screening for high-copy tandem repeat gene expression
cassettes with elevated chloramphenicol concentrations accel-
erates this process.8 However, this approach leaves chlor-
amphenicol-resistant markers on the E. coli chromosome,
which limits its industrial application.9 The bacteriophage Mu-
driven transposition system, in principle, allows for the

integration/amplification of target genes in the chromosomes
without the aid of antibiotic concentration gradients, but the
integration sites are random.10

Although the Cas nucleases cleave multiple loci on the
chromosome, it remains difficult to obtain a multiplex-edited
genome with more than 3 sites simultaneously7 due to
limitations in homologous recombination efficiency. Therefore,
an editable, fast, marker-free, site-directed chromosomal
multicopy integration system will be a powerful tool for
metabolic engineering and synthetic biology. Recently
discovered transposon-encoded CRISPR−Cas systems,11−14

including CRISPR-associated transposases (CAST)15 and
insert transposable elements by guide RNA-assisted targeting
(INTEGRATE),16,17 enable genomic site-specific DNA
integration independent of homologous recombination.
CAST is the subtype V−K of Tn7-like transposons from
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Scytonema hofmanni, which contains TniQ, TnsBC, and a
single-protein CRISPR-Cas effector, Cas12k. INTEGRATE is
a Tn6677 transposon from Vibrio cholerae that contains
TnsABC, TniQ, and a CRISPR−Cas effector complex, Cas678.
These systems may be capable of being developed into
multicopy chromosomal integration by CRISPR-associated
transposases (MUCICAT), which we designed and demon-
strated in the present work (Figure 1).

■ RESULTS
MUCICAT via Targeting Multicopy Loci. There are

many naturally existing multicopy sequences in bacteria, such
as Insertion Sequences (ISs).18−20 We speculated that using
crRNA targeting IS loci would result in cargo integration via
CRISPR-associated transposases into all targeting sites at once
or in a battery of strains having various copies of integrations
that can be readily characterized in subsequent work. On the
basis of the ShCAST system, we first designed crRNA-IS1C to
target the IS1 loci in E. coli Pir1. Twenty-five randomly picked
E. coli Pir1 colonies after transposition underwent junction
PCR using one external primer (located in IS1) and one
internal primer (located in cargo gene). The results showed
that 15 colonies had at least one cargo integration in the
monitored orientation (Supplementary Figure S1). Two

positive colonies in Supplementary Figure S1 were selected
randomly for genome sequencing, and site 3 and site 4 of IS1
loci were detected as integrated in a total of 5 IS1 loci
(Supplementary Figure S2). On the basis of the genome
information on the Pir1 strain, we designed specific primer
pairs to detect the integration site in more colonies. After
restreaking to yield pure single colonies, colony PCR using the
external primer pairs of IS1 sites showed that only 3 colonies
contained one copy cargo integrated at site 4 (Supplementary
Figure S3). We speculated that the integration at site 3 was not
detected because only a small proportion of cells achieved
cargo integration at that site and those cells were not picked up
during single colony purification. The transformant with one
integration at site 4 was restreaked for 8 transfers. We failed to
detect additional integration at the other four genomic IS1
sites (Supplementary Figure S4). We speculated that the
relatively low transposition efficiency led to a high probability
of selecting cells that had not undergone transposition in the
mixed colonies for subsequent passage, which resulted in the
failure to obtain pure multicopy strains.
The INTEGRATE system enabled DNA cargo insertion

into the lacZ locus of E. coli BL21 (DE3) guided by crRNA-316

(Supplementary Figure S5a). To investigate whether integra-
tion also occurred on the other lacZ locus at the λDE3
prophage on the chromosome, we verified both sites using
colony PCR and found that 10 of the 16 colonies had cargo
integrated at both lacZ loci (Supplementary Figure S5b),
which indicates that INTEGRATE simultaneously targeted
two identical sequences. To measure the potential of the
integration efficiency, we replaced crRNA-3 with the crRNA-
IS186 to target 5-copy IS186 loci on the genome. Colony PCR
showed that all 14 randomly picked colonies had at least 3
copies of cargo integration, and 11 colonies had integration at
all 5 IS186 loci (Supplementary Figure S5c). Encouraged by
these results, we designed crRNA-IS1 to target 28 copies of IS1
loci in the E. coli BL21(DE3) (Figure 2a). Three of the 11
colonies showed at least 4 copies of cargo integration after a
single round of transposition experiment. To test the effect of
longer transposition time, we transferred these colonies by
restreaking them on the transposition-inducing agar-plates for
colony out-growth and found that one of the colonies
accumulated at least 10 copies of cargo integration at IS1
loci in the third round of transfer. Further transferring
increased the portion of the colonies with higher cargo copies
(Figure 2b). To assess the transposition efficiency in E. coli
MG1655, we chose E. coliMG1655 ΔendA ΔrecA (DE3)21 as a
test strain (Addgene bacterial strain #37854) to target IS186
(3 copies), IS3 (5 copies), and IS1 (8 copies). One of the 11
colonies achieved cargo gene integration at two IS1 loci
(Supplementary Figure S5d). Only single copy cargo
integration was detected at the IS3 (Supplementary Figure
S5e) and no cargo integration was detected at the IS186 site.
Regarding the difference in transposition efficiency between
MG1655ΔendA ΔrecA (DE3) and BL21 (DE3), we speculate
that the deletion of recA or endA affected the transposition
event.22 The reason also may be that the protein expression
advantage of the BL21 strain made the expression of
transposase more abundant than in MG1655, which made
the transposition efficiency higher. This result suggests that
CRISPR-associated transposases need to be fine-tuned in each
specific strain for optimized MUCICAT efficiency.

MUCICAT Using a crRNA Array. With the positive results
above, we investigated whether MUCICAT would be achieved

Figure 1. Schematic illustration of multicopy chromosomal
integration by CRISPR-associated transposases (MUCICAT). (I)
Transfer of plasmids pTnsABC, pDonor, pQCascade, or pQCascade-
array into the recipient strain. pQCascade carries one CRISPR array
targeting multicopy loci of the chromosome. pQCascade-array carries
a series of CRISPR arrays targeting multiple different loci of the
chromosome. Each CRISPR array contains two repeats (gray
diamonds) and a single spacer (rectangle of blue or other colors).
(II) IPTG induces the expression of transposition-associated enzymes
to initiate transposition. The cargo gene is integrated into the
corresponding loci of the chromosome guided by crRNAs. Rounds of
transfer increase the integration ratio of the cargo gene. (III) A
plasmid-free multicopy cargo library is generated after transposition-
associated plasmid curing. By altering the crRNA in a new round of
transposition experiments that target other loci, the copy number
range was further increased. (IV) Screening strains containing
different copy numbers of cargo for optimized enzyme yield during
fermentation.
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by targeting multiple different loci on the chromosome. We
designed an 8-loci targeting crRNA array in which 8 spacers
that were validated in the INTEGRATE system16 (Figure 3a)
were used. 40% of the colonies had one copy integration, and
20% of the colonies contained 2 copies after a single round of
transposition. After 7-round transfers, 65% of colonies had all 8
loci inserted with the cargo (Figure 3c). Targeting sites 4 and 5
appeared to have higher integration frequencies than the other
sites (Figure 3d). Genome sequencing showed that the cargo
was inserted into the 8 targeting sites as expected, with an on-
target rate higher than 99% according to NGS analysis of the
mixed colonies of strain BL21(DE3) harboring pTnsABC,
pDonor, and pQCascade-array1 after the 2-round and 4-round
transfers (Figure 3e). The final strain CmA-8A with insertions
at all 8 sites was verified using genomic sequencing (Figure
3e), and other strains had multiple copies of cargo integration
during the transposition experiments (Supplementary Figure
S11). Therefore, the crRNA array may be applied to
insertionally disrupt multiple genes and achieve multicopy
integration of a gene of interest simultaneously.
We also assembled the 8 crRNAs validated in the ShCAST

system into a crRNA array. After transposition experiments in
E. coli Pir1, 2 of 8 colonies showed integration bands in 5 of 8
loci via junction PCR (Supplementary Figure S6). After
restreaking for pure single colonies, 6 colonies were detected.
Colony PCR by external primer pairs outside cargo did not
show any integrated bands (Supplementary Figure S7). These
results indicate the low multiple integration frequency of
ShCAST, and only a small portion of cells in the colonies was
integrated with the cargo. We speculated that the above results
may be due to the low efficiency or low expression of
transposition-associated enzymes in E. coli Pir1.
A One-Step Plasmid-Curing System for MUCICAT. In

order to terminate the process of MUCICAT at an appropriate

time, we designed a plasmid pCutamp, which carries a SpCas9
cassette and a rhamnose-inducing sgRNA that simultaneously
targets the ampR promoter on the backbone of all three
plasmids, i.e., pDonor, pQCascade, and pTnsABC. After the
transformation of pCutamp, 3 h of recovery with the addition
of 10 mM rhamnose, three plasmids in MUCICAT were
cleaved with a plasmid-curing efficiency up to 98% (Figure
4b). pCutamp carries a SacB cassette as a negative selection
marker, so plasmid-free colonies may be obtained by
subsequently curing pCutamp on the sucrose-contained agar
plate (Figure 4a). After each transfer, some colonies were
selected randomly to perform a plasmid-curing step to obtain a
multicopy integration strain library that varied in copy
numbers and integration sites (Figure 1).

Application of MUCICAT to Rapidly Generate
Genomic Multicopy Library. Glucose dehydrogenase
(GDH, EC:1.1.1.47) is one of the most significant enzymes
in industrial application because of its function of regenerating
NAD(P)H,23−25 and it is currently commercially produced
using the pET plasmid system in China.26 We used
MUCICAT and replaced the cargo on pDonor with the
T7lac promoter-controlled GDH expression cassette (T7-gdh)
to perform transposition and generate a multicopy integration
library of T7-gdh within 8 loci (Figure 5a). To examine
whether even higher copy numbers may be achieved from a
strain that already contained 8 T7-gdh insertions at the array 1
sites via targeting 5 additional genomic sites at IS186 loci, we
replaced pQCascade-array1 with pQCascade-IS186. GDH-
producing strains with 9- and 10-copy of T7-gdh were obtained
successfully (Supplementary Figure S8). After curing all
plasmids, strains were selected randomly from the library.
The 9-copy and 10-copy constructs above were fermented, and
the enzyme activity was monitored for each strain. The GDH
activities of 15 of the 49 strains tested were significantly higher

Figure 2. Targeting IS1 sequences enables multiple-copy genomic integration of a cargo gene. (a) Schematic illustration of transposition at
genomic IS1 loci guided by crRNA-IS1 in the INTEGRATE system, including three transposition-associated plasmids, the sequence of crRNA-IS1,
potential insertion at IS1 loci, and quantitative PCR (qPCR) primer pair IS1-IF and IS1-IR (external-internal). crRNA-IS1 targets 28 of 29 copies
of IS1 in the chromosome of E. coli BL21 (DE3). Because the insertion orientation of the cargo gene in the INTEGRATE system is uncertain, only
insertion in the RL direction was detected using the qPCR primer pair above. (b) The copy-number of cargo gene at targeted genomic sites
increased with successive rounds of transfer to new transposition inducing agar plates. The copy numbers were determined using the primer pair in
(a) and qPCR. In transposition experiments, cells grown in the first transposition-inducing plates containing 1 mM IPTG were defined as Transfer
1 and new cells generated by streaking single colonies onto new inducing plates were defined as Transfer rounds 2, 3, ..., n. The copy-numbers of
the cargo gene increases with more rounds of transfer. The darkness of the color gradient indicates the copy-number. All data were measured using
qPCR.
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Figure 3. Targeting 8 different sites with a crRNA array to achieve multicopy integration of a cargo gene. (a) Schematic illustration of inserting the
target gene into multiple genomic loci using crRNA array1 and the INTEGRATE system, including potential transposition products at 8 genomic
sites (left), PCR primer pairs for verifying (arrows), and sequences of each spacer (right). Numbers no the top of the genes indicate the genomic
positions of the 3′ end of each spacer. (b) PCR analysis of 8 genomic sites for cargo insertion during transferring. Unintegrated sites PCR products:
∼700 bp; Integrated sites PCR products: ∼1700 bp. E. coli BL21(DE3)/pTnsABC, pDonor, pQCascade-array1 grown in plates without IPTG was
defined as the starting strain, and cells initially grown on IPTG-containing plates were defined as Transfer 1. Cells streaked from the initial IPTG-
containing plates to fresh IPTG-containing agar for another round of transposition was defined as Transfer 2. E. coli BL21(DE3) harboring
pTnsABC, pDonor, and pQCascade_entry served as negative controls. (c) Genomic insertion of cargo gene during strains transferring. Genomic
insertion was determined via colony PCR and the insertion at the 8 genomic sites increased with successive rounds of transfer. (d) Analysis of
integration site distribution guided by crRNA-array1 and determined from the PCR data. Primer pairs in (b), (c), and (d) are shown in (a). (e)
Genomic sequencing confirmed that the copy-number of the inserted gene increased with successive rounds of transferring. Samples analyzed
include mixed colonies of BL21(DE3) harboring pTnsABC, pDonor and pQCascade-array1 in the second Transfer (Transfer 2), the fourth
Transfer (Transfer 4), and a pure single colony strain ArCm-8A (Final strain) that had all 8 sites inserted as verified using colony PCR.

Figure 4. Plasmid pCutamp expressed Cas9 and sgRNA for MUCICAT plasmid-curing. (a) SgRNA was induced by rhamnose and targeted the 20-
nt sequence in AmpR promoter of pDonor, pQCascade, and pTnsABC plasmid. Because there is no template, the three plasmids above cannot be
repaired after cutting by Cas9. Strains that needed to cure plasmids were transformed with pCutamp via electroporation. (b) To obtain a high
plasmid-curing efficiency with a shorter inducing time, different inducing times were tested in rhamnose-containing LB medium. When the
inducing time was 3 h, the efficiency of plasmid-curing was approximately 98.33%, and 140 colonies were replated for verification at every time
point.
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than the strain carrying the pET24a-GDH plasmid in flask
culture at 43 h (Figure 5c). Because the GDH enzyme activity
of the same copy of the strain was quite different, we
speculated that different insertion positions would affect GDH
enzyme activity. Therefore, the insertion positions of different
strains were counted (Supplementary Table S4). No
correlation was found between GDH enzyme activity and
genomic positions, which may require different single copy
GDH strains with different integration sites to further
accurately determine. These 15 strains had 2−6 sites of
insertion of T7-gdh (Figure 5c). The GDH activities from 17
strains carrying 7−10 sites of insertion were substantially lower
than the pET24a-GDH control strain (Figure 5b,c). We
suspected that strains with extremely low enzyme activity were
no-longer able to produce functional T7 RNA polymerase,
which is essential for MUCICAT-associated enzymes and
GDH expression. To investigate this possibility, the pET24a-
GFP plasmid was transformed into three nonproductive strains
(with T7-gdh insertion occurred at 1, 3, and 5 sites) selected
from strains above. None of the transformants from these 3
strains exhibited fluorescence after induction (Supplementary
Figure S9). Genomic sequencing revealed that the T7 RNA
polymerase gene of ArGDH-5D and ArGDH-1D was
inactivated by the off-target insertion of a T7-gdh cargo
(Supplementary Figure S11) and the T7 RNA polymerase
gene of GDHA-3D harbors a nonsense mutation
(Gln232Stop) (Supplementary Table S5). This high ratio of

T7 RNA polymerase inactivation during MUCICAT suggests
that the GDH expression produced a heavy metabolic burden
and induced cellular adaptive evolution. The design of
MUCICAT with induction conditions that differ from the
target gene cassette may reduce the proportion of non-
productive cells. Further, we selected a portion of strains that
carry 7−10 sites of insertion to sequence the gene encoding T7
RNA polymerase and found there was no mutation. The
results of fluorescence intensity after transforming pET24a-
GFP into these strains also proved that the T7 system could
work (Supplementary Figure S14). After transforming with the
plasmid pET24a-GDH, the enzyme activities of the strains
carrying 7−10 sites of insertion were recovered to the level that
similar to that of the control strain BL21(DE3) (Supple-
mentary Figure S15).
A 6-genomic-sites insertion strain, ArGDH-6A, showed the

highest enzyme production, and several well-performing strains
in Figure 5b were further benchmarked with the pET24a-GDH
strain. The GDH activity of the strain carrying the pET
plasmid began to decrease from 24 h in the middle of
fermentation, and the strains containing genomic multiple
integrations remained stable and increased steadily in the end
phase of fermentation (Figure 5d). In the scale-up fed-batch
fermentation, the growth of the MUCICAT strains and the
plasmid-carrying strain was almost consistent (Figure 5e), but
the GDH activity of plasmid-carrying strain peaked at 31 h and
remained nearly unchanged thereafter. The enzyme activity of

Figure 5. Comparison of GDH activity between strains constructed by MUCICAT and a strain carrying the pET plasmid. (a) Successive increase
in genomic T7-gdh cassette insertion sites with a series of transfer for new rounds of induced transposition. The T7-gdh cassette was targeted at 8
different sites of the chromosome in E. coli BL21(DE3) guided by crRNA array1; the insertion sites on the chromosome were verified using colony
PCR. (b,c) Enzyme activity analysis of strains with genomic insertion of T7-gdh at different sites and a strain carrying the pET24a-GDH plasmid
(gray) in flasks at 24 h (b) and 43 h (c). Strains from the first transfer (red), the second transfer (green), and the third transfer (violet) and strains
carrying the pET24a-GDH (gray), harboring 9-site insertion (blue), and 10-site insertion (orange) engineered by targeting the IS186 loci after
prior transposition at 8 loci (array1) were included. Strains from Transfers 1−3 were selected randomly from different transfer plates. (d) Flask-
level fermentation of strains with high enzyme activity in (c) (triangle boxes). GDH activities of strains with different numbers of sites insertions of
T7-gdh, including strain ArGDHA-6A (red triangle in (b)), strain ArGDH-4A (blue triangle in (b)), ArGDH-4B (green triangle in (b)), and
ArGDH-3A (pink triangle in (b)), and a strain harboring pET24a-GDH (pET plasmid). The corresponding antibiotic (kanamycin) was added
during fermentation of the pET24a-GDH containing strain in (b) and (c). (e,f) The growth (e) and production (f) of strain ArGDH-2A, strain
ArGDH-6A, and the strain carrying plasmid pET24a-GDH in fed-batch fermentation. Data are shown as the means ± s.d. for n = 3 biologically
independent samples.
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the MUCICAT strain ArGDH-6A reached 1.68-fold of the
plasmid-carrying strain at 31 h and further increased to 2.3-fold
at 43 h (Figure 5f), which indicates that a better yield may be
achieved from expression cassettes integrated in the
chromosome than genes harbored in a multicopy plasmid.
Application of MUCICAT in Tatumella citrea for

Multicopy Integration. To evaluate the possibility of a
broader applicability of MUCICAT, Tatumella citrea (T. citrea)
DSM 13699,27 another member of Enterobacteriaceae, was
selected. T. citrea is used in the bioindustry for the synthesis of
the vitamin C precursor 2-keto-L-gulonic acid, and it has broad
application prospects.28 The multicopy integration tool of
T. citrea will promote the development and utilization of this
species. First, T. citrea DSM 13699 (NCBI Reference
Sequence: NZ_CP015579.1) was transformed with a T7
RNA polymerase-expressing plasmid (pTara:500)29 and a
pET28a-GFP plasmid. Strong fluorescence was observed after
induction, which demonstrated that the T7 system worked
(Figure 6a). The cargo gene, a GFP-encoding gene, was
targeted to 13 identical genomic loci by the crRNA-tra13
(PAM and spacer sequence see Supplementary Table S3).
After plasmid-curing of mixed colonies on the second-round
streaking transfer plate, colony PCR analysis of 5 colonies
selected randomly showed that the cargo gene was integrated
at all 13 sites (Figure 6b). Genome sequencing data verified
that all 13 sites were inserted (Supplementary Figure S10). We
speculated that the higher integration efficiency in T. citrea
may due to the binding efficiency of crRNA-tra13 or the better

expression of transposases in its growth temperature, 30 °C. In
conclusion, MUCICAT may be broadly applied to other
bacterial species.

■ DISCUSSION

On the basis of the INTEGRATE system, which uses a crRNA
that targets multiple identical sequences, such as IS1 or IS186,
or a crRNA array targeting diverse sequences, a multiplex
chromosomal insertion library with copy numbers of up to 10
was obtained in 5 days. Compared with the requirement of 2
days per round of CRISPR-Cas-based homologous recombi-
nation, MUCICAT had a significant advantage in the
manipulation speed. Compared with CIChE,3 MUCICAT
does not rely on selection pressure and does not leave selection
markers on the chromosome. MUCICAT was highly efficient
in T. citrea with a T7 RNA polymerase expressing plasmid,
which suggests that this system is broadly applicable.
The gene dose of the glucose dehydrogenase expression

cassette was optimized using MUCICAT. The GDH activity of
a MUCICAT strain having a 6-genomic-site insertion of T7-
gdh was 2.63-fold of the pET24a-GDH-carrying reference
strain. The copy number of the pET plasmid is approximately
15−20.30,31 Although 10, 5, or 1 copy may be obtained by
changing the replicon to p15A,32 pSC101,33 or use of F
plasmid, more precise control of 2−4, 6−9, and 11−14 copies
cannot be achieved using plasmid systems. MUCICAT could
reach 10 copies of cargo by targeting IS1 loci in BL21 (DE3)
with 3 rounds of transfer, and more transfers resulted in higher

Figure 6. Application of the MUCICAT system in Tatumella citrea DSM 13699. (a) The T7 transcription system worked in Tatumella citrea DSM
13699. Plasmid pET28a-GFP, which carries the GFP-encoding gene controlled by the IPTG-inducing T7 promoter, and the plasmid pTara:500,29

which carries an arabinose (Ara)-inducing T7 RNA polymerase, were transformed into Tatumella citrea (T. citrea) DSM 13699. After induction by
IPTG, green fluorescence was observed under a fluorescence microscope, which confirmed the expression of GFP and the function of the T7
transcription system in T. citrea DSM 13699. In T. citrea DSM 13699, without the induction of Ara, the leakage expression of T7 RNA polymerase
was adequate to make the system work. (b) crRNA-tra13 was designed to target the consensus sequence of the transposases encoding gene (13
copies, the genomic positions are shown in Supplementary Table S3) in T. citrea DSM 13699 chromosome using the INTEGRATE system. After 2
rounds of transfer, 5 colonies were randomly selected for integration verification using colony PCR, which showed that all 13 sites in 5 colonies
were inserted. Integrated tra13 locus: ∼3700 bp; Unintegrated tra13 locus: ∼2700 bp. 1−5: strains 1−5.
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copy numbers up to 16 (Supplementary Figure S12). The pET
series of plasmids, and their compatible plasmid, may be
combined to achieve a wider range of copy numbers. However,
MUCICAT can also combine crRNA arrays to target more
loci. Therefore, at least in the field of recombinant protein
expression by E. coli, MUCICAT may be used as an upgrade
alternative of the pET plasmid vectors. The additional steps are
pCutamp transformation to cure all plasmids, and several
additional transfers to obtain a wider range of copy numbers of
genes of interest.
From our experimental results, the efficiency of the CAST

system in E. coli Pir1 strains was not sufficiently high to easily
select positive colonies with multiple copies of genomic
insertion. Therefore, we replaced the previous constitutive lac
promoter of this system with the stronger T7lac promoter to
increase the expression of the guide RNA and transposition-
associated enzymes. To extend this system to other E. coli
strains except for Pir1, the λ pir protein-dependent replicon
R6k of plasmid pDonor_ShCAST_kanR may be replaced with
the temperature-sensitive replicon pSC101.15 By leveraging the
updated CAST system above in E. coli BL21(DE3), two-copy
genomic insertion was achieved by targeting 29-copy IS1 loci
after 3 rounds of transfer (Supplementary Figure S13). This
result means that the CAST system promises to be a genomic
multicopy integration tool, but it requires more fine-tuning.
A key deficiency of the current version of MUCICAT is that

when the cargo gene is T7lac-inducing, the same inducer
(IPTG) is used for the transposon and cargo gene expression
simultaneously. In this case, cells that undergo regulation
system mutation tend to inactivate the transposition system
and the desired protein-producing system. Because the
metabolic burden of protein production in these cells was
reduced due to the inactivation, these cells generally have
higher fitness than their non-inactivated siblings and these cells
are prone to be enriched during transposition. For example, we
encountered the mutation of T7 RNA polymerase in our work.
Cells with regulation system mutations dramatically overtake
the cells that still retain the ability of transposition and
production, which makes the proportion of the latter drop
sharply. This reduction leads to cells that are capable of
transposing may be acquired only using high-throughput
screening methods, especially after a long period of induced
protein expression and transposition.
Developing a new version of MUCICAT is proposed to

avoid this negative selection caused by the metabolic burden of
desired protein production toward the transposition system.
Arabinose, rhamnose, anhydrotetracycline, and a thermal
induction system may be tried to control MUCICAT to
separate the regulation between the transposition system and
the desired protein expression system, which is promising in
quickly establishing an engineered bacterial library with higher
and wider copy numbers of gene expression cassette(s).
Because the transposition efficiency might largely depend on
the expression doses of transposase and crRNA, we speculated
that after replacing the T7 system with other induction
systems, the induction intensity of the protein and crRNA that
affect the integration efficiency must to be fine-tuned.
The other aspect that may be improved is the use of

orthogonal CRISPR-associated transposases for different
cargos, and orthogonal dose combinations of multiple gene
expression cassettes may be achieved. Therefore, MUCICAT
may play a greater role in the field of metabolic engineering,
and a combination of various gene disruptions and insertions

may be generated in one transformation. The low transposition
efficiency of ShCAST is most likely attributed to its weak
promoter lac, and MUCICAT may be achieved by replacing it
with a T7 or another higher-strength promoter. These further
modifications may make MUCICAT a convenient and broadly
applicable genetic tool for the stable and optimized expression
of proteins from candidate expression cassettes integrated into
the chromosome of producing strains.

■ MATERIALS AND METHODS
Plasmid Construction. All plasmids used in this study

were listed in Supplementary Table S1, and a subset of them
are available from Addgene (ID: 140622−140632) and
Molecular Cloud (ID: 101225−101235).
Plasmids construction based on INTEGRATE system:

plasmids pTnsABC, pDonor, pQCascade_entry, and pQCas-
cade_crRNA-3 were synthesized by GenScript according to
sequences reported in Klompe’s research.34 crRNA-9 to
crRNA-16 in Klompe’s research were selected to assemble
crRNA array1, which was synthesized and cloned into
pQCascade_entry by GenScript, yielding pQCascade-array1.
The plasmid pQCascade_entry was digested by BsaI and
inserted a 32-nt spacer of crRNA-IS1 by GoldenGate,26

yielding pQCascade-IS1. The same method was performed to
construct pQCascade-IS3 and pQCascade-IS186. To generate
pDonor-GDH, T7-gdh gene24 was ligated to pDonor, which
was digested prior by NcoI and XbaI. The same method was
performed to construct pDonor-GFP.
Plasmids construction based on ShCAST system: 8 crRNAs

in Strecker’s research15 were selected to assemble crRNA
array2, which was synthesized and cloned into pHelper_Sh-
CAST (Addgene plasmid #127922) by GenScript, yielding
pHelper-array2. The plasmid pHelper_ShCAST_sgRNA
(Addgene plasmid #127921) was digested by LguI and
inserted a 24-nt spacer of crRNA-IS1C by GoldenGate,26

yielding pHelper-IS1. Using the primers in Supplementary
Table S1, the promoters in pHelper-IS1 were replaced with
T7lac promoter by PCR and Gibson assembly, yielding
pHelper-T7IS1.
Plasmids were cloned and propagated in E. coli Top10

(Thermo Fisher Scientific), purified using Miniprep Kits
(Qiagen), and verified by Sanger sequencing (GENEWIZ).
Gibson assembly Cloning Kit was from NEB.

Transposition Experiments in E. coli. Transposition
experiments of INTEGRATE system comprise the trans-
formation and induction of pDonor, pTnsABC, and
pQCascade (or its variant). Chemically competent E. coli
BL21 (DE3) cells were first cotransformed with pDonor and
pTnsABC, and transformants were screened by double
antibiotic LB-agar plates containing 100 μg/mL ampicillin
and 50 μg/mL kanamycin. The resulting strains were made
chemically competent using standard methods, followed by
introducing pQCascade through heat shock. After 1 h recovery
in fresh LB medium at 37 °C, cells were plated on triple
antibiotic LB-agar plates containing 100 μg/mL ampicillin, 50
μg/mL kanamycin, and 50 μg/mL streptomycin. After a 16-h
growth at 37 °C, hundreds of colonies were scraped from the
plates, and a portion was resuspended in fresh LB medium.
These cells were then replated on LB-agar plates containing
triple-antibiotics and 0.1 mM IPTG to induce transposition
related protein expression and grown at 37 °C for another 16
h. After biofilms were formed, scrape them off and
resuspended in LB medium. Cells were rediluted appropriately
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and plated on triple antibiotic LB-agar plates containing 1 mM
IPTG (i.e., inducing plates), and grown overnight at 37 °C. For
clonal out-growth and integration rate improvement, we
further tried to transfer colonies by restreaking as follows.
Colonies grown on the inducing plates above would be defined
as Tansfer1, and a portion of these colonies were streaked onto
new triple-antibiotic LB-agar plates containing 1 mM IPTG
and grown overnight at 37 °C to generate a new transfer, i.e.,
Transfer 2, continuous transferring produced Transfer n (n =
3, 4, ...). Colony PCR or qPCR was then performed to identify
copy number.
Transposition experiments of CAST system: The plasmids

pDonor_ShCAST_kanR (Addgene plasmid #127924) and
pHelper-IS1 were transformed to Pir1 cells, recovered in fresh
LB medium at 37 °C for 1 h, plated on plates containing 100
μg/mL ampicillin and 50 μg/mL kanamycin and grown
overnight at 37 °C. The colony transfer method was consistent
with the one above, except on ampicillin and kanamycin-
containing plates. Colony PCR or qPCR was performed after
overnight growth at 30 °C. Integrative copy numbers were
analyzed by colony PCR or qPCR.
Transposition Experiments of Tatumella citrea. The

transposition experiments of Tatumella citrea using INTE-
GRATE system included transformation and induction of
pTara:500 (Addgene plasmid #60717),29 pDonor-GFP,
pTnsABC, and pQCascade-tra13. Electrically competent
DSM13699 cells were cotransformed with pTara:500,
pQCascade -tra13, and pTnsABC, and plated on triple
antibiotic LB-agar plates containing 12.5 μg/mL chloramphe-
nicol, 50 μg/mL kanamycin, and 50 μg/mL streptomycin.
Then, colonies were inoculated into LB medium to prepare
electrically competent cells, and which were transformed with
pDonor-GFP by electroporation. Cells were recovered in fresh
LB medium at 30 °C for 1 h and then plated onto antibiotic
plates containing 12.5 μg/mL chloramphenicol, 100 μg/mL
ampicillin, 50 μg/mL kanamycin, and 50 μg/mL streptomycin.
After a 20-h growth at 30 °C, colonies were induced on
quadruple antibiotic plates supplemented with 0.1 mM IPTG
for another 16 h at 30 °C until biofilms formed. A portion of
cells were resuspended and rediluted in fresh LB medium and
then plated on quadruple antibiotic LB-agar plates supple-
mented with 0.3 mM IPTG, and grown overnight at 30 °C.
These colonies were defined as the first generation of mixed
bacteria. The subsequent transfer was performed by scraping,
suspending, and diluting these mixed colonies and plating
them onto fresh quadruple-antibiotic plates supplemented with
0.3 mM IPTG, grown overnight at 30 °C. Colony PCR was
performed to analyze copy numbers.
Transposition Efficiency Analysis by Colony PCR and

Sanger Sequencing. Colony PCR products were generated
with Taq DNA Polymerase using Green Taq Mix (Vazyme
Biotech). The colonies on the plate were individually picked
up into 10 μL of H2O and resuspended as a template. Ten μL
reactions contained 5 μL Green Taq Mix, 0.5 μM primers, 0.5
μL template, and H2O. Thermal cycling conditions for colony
PCR were as follows: 1 cycle, 95 °C, 5 min; 26 cycles, 95 °C,
30 s, 57 °C, 30 s, 72 °C, 70 s; 4 °C hold. Primer pairs were
designed about 300 bp upstream and 300 bp downstream of
the insertion sites so that all possible integration orientations
could be detected (Supplementary Table S2). PCR products
were resolved by 1% agarose gel electrophoresis and stained by
SYBR Safe (Thermo Scientific). Negative control samples were
always analyzed in parallel with the experimental samples to

identify nonspecific bands. PCR products were sent to
GENEWIZ for isolation and analysis.

Transposition Efficiency Analysis by qPCR. All genomic
DNA (gDNA) extraction was carried out with the HiPure
Bacterial DNA Kit (Magen). Specific primers for qPCR were
designed as one located upstream of the insertion site, the
other located inside the cargo gene, and the whole amplified
fragment is about 220 bp. An E. coli reference gene (gapA) was
chosen for standardization and a pair of primers were designed
(Supplementary Table S2). The qPCR reaction (20 μL)
contained 10 μL of SsoAdvanced Universal SYBR Green
Supermix (BioRad), 20 μM primers and 10 ng genomic
extraction, and H2O. Reactions were performed in 96-well
white PCR plates (BioRad) and measured on a CFX384 real-
time PCR detection system (BioRad) using the following
thermal cycling parameters: 1 cycle, 95 °C, 2 min; 40 cycles, 95
°C, 10 s, 59 °C, 20 s, 72 °C, 20 s; terminal melt-curve analysis
(59−95 °C in 0.5 °C/5 s increments).
We first prepared gDNA extraction of BL21(DE3) strain

harboring pDonor, pTnsABC, and pQCascade-entry as
negative controls. To measure the copy-number of cargos
inserted into IS1 sites accurately, we prepared an MG1655
strain (MIS1A (1)) with one copy in one IS1 site for standard
sample, which had been identified by colony PCR, and the
qPCR primers of IS1 could also be applied in MIS1A (1). In
our final qPCR experiments, each biological sample was
analyzed by two parallel reactions: one containing the primer
pair of the E. coli reference gene and the other containing the
primer pair of the R/L integration direction. Copy-numbers for
all samples were calculated by Pfaffl Method. All the
measurements shown in the text and figures were from three
separate biological replicates.

pCutamp Construction and Plasmid Curing Experi-
ments. pCutamp (Supplementary Table S1) was constructed
by inserting a rhamnose-inducing promoter controlling sgRNA
that targeting pDonor, pTnsABC, and pQCascade into the
plasmid pCasSac (stored in our laboratory). The spacer of
sgRNA was the consensus sequence 5′-TGCTTCAATA-
ATATTGAAAAAGG-3′ of the AmpR promoter in the three
plasmids. Rhamnose induced transcription of sgRNA, which
guided Streptococcus pyogenes Cas9 to target and cut the
consensus sequences. The targeted plasmids could not be
repaired since no homologous template was provided. Strains
harboring three plasmids above were transformed with
pCutamp by electroporation (1.85 kV, 200 Ohm, 25 μF)
and recovered for 1 h in 1 mL SOC medium at 37 °C. To
improve the plasmid-curing efficiency, recovered cells were
transferred to 4 mL LB medium containing 50 μg/mL
apramycin and 10 mM rhamnose, shaking for 3 h at 37 °C.
The inducing time was optimized, as shown in Supplementary
Figure S8. Then 100 μL of cultures were plated on LB-agar
plates containing 50 μg/mL apramycin and 10 mM rhamnose,
being incubated overnight at 37 °C.
pCutamp also contains the SacB gene, encoding levansurase

that catalyzes the hydrolysis of sucrose and the polymerization
of fructan, such that E. coli carrying pCutamp cannot grow in
plates containing 10 g/L of sucrose. Colonies grown on plates
containing apramycin and rhamnose were selected and
replated on four kinds of LB-agar plates containing 100 μg/
mL ampicillin, 50 μg/mL kanamycin, 50 μg/mL streptomycin,
and 10 g/L sucrose, respectively. The colonies that could not
grow on the plates containing ampicillin, kanamycin, and
streptomycin were considered to have eliminated the pDonor,
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pTnsABC, and pQCascade. Then the corresponding colonies
grown on the sucrose plate would be replated on nonselective
LB agar plates and apramycin-contained plates to verify the
curing of pCutamp. Colonies that could not grow in
apramycin-containing plates were plasmid-free multicopy
integrated strains.
In CAST system, pCutamp can only target the series of

pHelper_ShCAST_sgRNA plasmids, such as pHelper-IS1, but
not pDonor_ShCAST_kanR. To stop transposition and obtain
more genetic stable strains, we use pCutamp for pHelper-IS1
curing by the same protocol above, except for changing of
corresponding antibiotics. The same method above was used
for pCutamp curing.
Fermentation and GDH Activity Analysis. Flask

fermentation was performed as follows: E. coli BL21(DE3)
integrated with multicopy-GDH cassette or harboring pET24a-
GDH were grown in 3 mL of LB liquid medium overnight at
37 °C. Then, 300 μL of cultures above were inoculated into 30
mL of Terrific Broth (TB) medium in 250 mL shake flasks,
respectively. Cells were cultured at 37 °C to OD600 = 2−4, at
which point IPTG was added to a final concentration of 0.3
mM, and fermentation was allowed to continue at 28 °C for
additional 40 h.
The GDH expression strains that had been cultured at 37

°C, 220 rpm for 16 h were inoculated into a 500 mL shake
flask containing 100 mL of TB medium, and cultured at 37 °C,
220 rpm for 5 h. In the scale-up fermentation experiments, the
above 100 mL culture solution was all inoculated into a 7.5-L
fermenter containing 4 L of TY medium26 at 37 °C, 800 rpm,
and aerated at 2.5 vvm. Agitation is steadily increased to a
maximum of 800 rpm to reach 20% dissolved oxygen (DO).
When the DO was further increased to more than 60%, 400 g/
L glycerol, 50 g/L yeast extract, and 25 g/L tryptone were
added into the medium at an aeration rate of 2.5 vvm, 800
rpm. When the OD600 reached 20, 0.2 mM IPTG was added to
the medium and incubate at 28 °C for 43 h.
To measure GDH activity, 1 mL of fermentation culture was

collected by centrifuging at 1500g for 10 min at 4 °C. The
culture supernatant was discarded, and cells were resuspended
using 1 mL of 100 mM Tris-HCl (pH 7.5). The cell
suspensions were lysed by sonication on ice: 200 W, working
3 s, interval 5 s for 40 times, the resulting liquid was the crude
enzyme solution. The reaction mixture contained 100 mM
glucose, 100 mM Tris-HCl (pH 7.5), 2 mM NAD+, and an
8000-fold diluted crude enzyme solution, and the enzyme
activity was assayed at 25 °C. Following the increase of the
absorbance at OD340, the enzyme activity was calculated by the
formula U/mL = [ΔA/min] × [1/ε] × 8000 (ε = A/cL =
6.402 mL/(μmol × cm)).35

Next-Generation Sequencing (NGS) and Data Anal-
ysis. Paired-end libraries for whole-genome sequencing were
prepared using Nextera DNA Flex Library Prep Kit or TruSeq
DNA PCR-Free Library Prep Kits. At least 7 000 000 read-
pairs were obtained from each sample, for a total length of 2.1
Gb (450-fold average coverage of the E. coli genome), using
Illumina Novaseq systems (performed by Novogene China,
Genewiz China or CHGC Shanghai China).
To determine the integration sites and their distribution for

a given sample from the whole genome sequencing (WGS)
data, the following steps were performed using the split-read
mapping or discordant read-pair mapping approaches36 (using
custom Bash scripts).

Split-read mapping approach: First, the reads from WGS
that can be mapped to transposon end sequence were picked
up to reduce the amount of data using BWA mem.37

Thereafter, reads from WGS data were filtered based on the
requirement that one segment maps to some location in the
reference genome and the remaining segment maps to the
transposon end sequence with 20 bp perfectly matching
transposon end sequence, using LAST.38 Finally, The picked-
up reads were mapped to the reference genome using BWA
bwasw37 for identifying the exact insertion location and
determine the integration site distributions.
Discordant read-pair mapping approach: The read-pairs

from WGS that only one end can be mapped to transposon
end sequence were considered discordant and were picked up
using BWA mem.37 The reads unmapped to transposon end
sequence were then mapped to the reference genome using
BWA bwasw for identifying the insertion locations.
To determine whether new mutations were introduced

during the operation, SNPs/Indels were detected using the
snippy (https://github.com/tseemann/snippy) by mapping
WGS reads to the reference genome.
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