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ABSTRACT

The genetic modification of microorganisms is con-
ducive to the selection of high-yield producers
of high-value-added chemicals, but a lack of ge-
netic tools hinders the industrialization of most
wild species. Therefore, it is crucial to develop
host-independent gene editing tools that can be
used for genetic manipulation-deprived strains. The
Tn7-like transposon from Scytonema hofmanni has
been shown to mediate homologous recombination-
independent genomic integration after heterologous
expression in Escherichia coli, but the integration
efficiency of heterologous sequences larger than
5 kb remains suboptimal. Here, we constructed a
versatile Cas12k-based genetic engineering toolkit
(C12KGET) that can achieve genomic integration of
fragments up to 10 kb in size with up to 100% ef-
ficiency in challenging strains. Using C12KGET, we
achieved the first example of highly efficient genome
editing in Sinorhizobium meliloti, which successfully
solved the problem that industrial strains are diffi-
cult to genetically modify, and increased vitamin B12

production by 25%. In addition, Cas12k can be di-
rectly used for transcriptional regulation of genes
with up to 92% efficiency due to its naturally inac-
tivated nuclease domain. The C12KGET established
in this study is a versatile and efficient marker-free
tool for gene integration as well as transcriptional
regulation that can be used for challenging strains
with underdeveloped genetic toolkits.

INTRODUCTION

Microorganisms and their products are widely used in many
fields, spanning the fine and bulk chemical industry, agricul-
ture and medicine. Available tools can achieve specific mod-
ification at the genome level in model organisms, which is
conducive to opening up the full potential of strains. His-
torically, these approaches have been limited to random
gene insertions and mutations, or to limited modifications
at pre-defined locations in the genome. The low homolo-
gous recombination ability also limits the genetic modifi-
cation of strains. Notably, the integration of heterologous
genes or biochemical pathways into the genome can avoid
the metabolic burden of plasmid-based expression and pre-
cisely regulate metabolic fluxes (1–3), while also guaran-
teeing stable inheritance. The resulting engineered strains
are more suitable for industrial applications, allowing long-
term batch replenishment cultures without the need for ex-
pensive antibiotic selection. Therefore, the development of
effective genomic integration techniques is of great impor-
tance for the rational modification of strains. Despite many
recent advances in the programmable editing of bacterial
and eukaryotic genomes, effective insertion of heterologous
genes into specific loci remains a great challenge (4–8), and
even simple random gene integration is not yet possible in
some strains.

Sinorhizobium meliloti is a Gram-negative Alphapro-
teobacterium that is an intracellular nitrogen-fixing sym-
biont of legumes. Co2+ is an essential element for the growth
of S.meliloti and is required for nitrogen fixation (9). Vi-
tamin B12, in a narrow sense, also known as cyanocobal-
amin, is a kind of cobalamin (Cbl) and the only vita-
min containing the metal element, cobalt. The chemical
structure of 5′-deoxyadenosylcobalamin consists of a cen-
tral cobaltine ring (cobamide), an upper ligand (adenosine
moiety) and a lower ligand (5,6-dimethylbenzimidazole,
DMBI). The genome of S.meliloti contains a complete
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set of genes encoding the aerobic Cbl biosynthesis path-
way, which is capable of synthesizing Cbl de novo through
an oxygen-dependent pathway (10). Cbl has been isolated
from S.meliloti and was found to contain DMBI as a lig-
and (11). In addition, the Cbl-dependent enzymes methyl-
malonic acid coenzyme A mutase (CobA), methionine syn-
thase and ribonucleotide reductase (12–14), as well as pu-
tative Cbl biosynthesis genes, were identified in S.meliloti
(15). Therefore, S.meliloti can be used for industrial pro-
duction of vitamin B12, except for the feedback inhibition
in its metabolic pathway. Moreover, the previous dominant
strains were non-engineered, mainly due to their own low
homologous recombination efficiency and lack of gene edit-
ing tools for genetic manipulation (16–18).

To date, researchers have developed gene integration
tools that do not need to rely on native homologous recom-
bination pathways in the target strain (19–22). During com-
parative genomics studies of clustered regularly interspaced
palindromic repeats (CRISPR)/CRISPR-associated pro-
tein (CRISPR/Cas) systems, researchers identified the
unique Type V CRISPR/Cas systems associated with
transposon-specific genes (23), which led to the discovery
of a Cas12k-based Tn7-like transposon (24). These Type V
CRISPR/Cas systems encode effectors which are very sim-
ilar to TnpB nucleases. These are considered a possible in-
termediate in the evolution of TnpB toward the classical
type V CRISPR/Cas systems containing the Cas12 effec-
tor protein (25–27). However, the predicted effector protein
Cas12k is smaller than the classical Cas9 and Cas12 pro-
teins, contains a nuclease with a naturally inactivated RuvC-
like nuclease domain and has no interference function (20).
Cas12k and the adjacent CRISPR array are embedded in
Tn7-like transposons that also contain characteristic ter-
minal structures (LE and RE), with associated transposase
genes tnsB, tnsC and tniQ (28). The system does not require
the expression of fusion cassettes, and Cas12k is recruited to
the target site by recognizing a protospacer adjacent motif
(PAM), associated transposases and a cargo gene for uni-
directional insertion of a donor sequence 60–66 bp down-
stream of the gene integration site (Figure 1A). Integration
of ∼10 kb DNA fragments into the Escherichia coli genome
has been successfully achieved without positive selection,
but the integration efficiency of fragments > 5 kb is still less
than ideal (20).

In this study, we developed a versatile Cas12k-based ge-
netic engineering toolkit (C12KGET) for genetic manipu-
lation of challenging industrial strains, achieving 100% in-
tegration efficiency of heterologous DNA fragments up to
10 kb without the need for selection markers, as well as suc-
cessfully down-regulating gene expression by 92%. Finally,
we demonstrate that the tool can be used to rationally mod-
ify metabolic pathways, with the first successful modifica-
tion of the genome of S.meliloti, which resulted in a 25%
increase of vitamin B12 production without affecting cell
growth.

MATERIALS AND METHODS

Plasmid construction

The complete lists of all primers and single guide RNA
(sgRNA) sequences used in this study are respectively pro-

vided in Supplementary Tables S1 and S2. All relevant in-
tegration plasmid constructs for S.meliloti were generated
using a combination of Gibson assembly, restriction di-
gestion and ligation. All polymerase chain reaction (PCR)
fragments used for cloning were generated using Q5 DNA
polymerase. Cloning reaction mixtures were directly used to
transform NEB Turbo E.coli. Plasmids were extracted us-
ing Qiagen Miniprep columns and confirmed by Sanger se-
quencing (GENEWIZ). The pHelper plasmid (ID: 127921)
and pDonor plasmid (ID: 127924) are available from Ad-
dgene.

The pDonor plasmid was used as a template to clone
LE and RE into the pKP302 plasmid, resulting in pKP-
1.5 k, pKP-2.5 k, pKP-5.5 k and pKP-10 k, according to
the length of the cargo sequence, respectively. The corre-
sponding transposase genes were cloned into the pKP302
plasmid from the pHelper plasmid, and all transposition
assays in S.meliloti were performed by transformation with
the CRISPR-associated transposase (CAST) expressed us-
ing the J23119 promoter. A series of pKP-target plasmids
was constructed using Gibson assembly, named separately
according to the targeting site. The pKP-Donor and pKP-
target plasmids were used for transposition experiments
in S.meliloti. Transformants were cultured in liquid TYC
medium or on solid TYC agar plates with the addition of
600 mg/l spectinomycin for the pKP-Donor plasmid and
100 mg/l apramycin for the pKP-target plasmid.

The related CRISPR interference (CRISPRi) plasmid is
mainly a pHelper plasmid as a template, with cas12k and
sgRNA sequences loaded on the pKP plasmid, and the
resistance gene is spectinomycin. Transformants were cul-
tured in liquid TYC medium or on solid TYC agar plates
with the addition of 600 mg/l spectinomycin for pKP-
CRISPRi. For example, we constructed seven recombinant
plasmids named pKP-Cas12k-gfp-5T, pKP-Cas12k-gfp-
5NT, pKP-Cas12k-gfp-3T, pKP-Cas12k-gfp-3NT, pKP-
Cas12k-gfp-ZT, pKP-Cas12k-gfp-ZNT and pKP-Cas12k-
gfp-no, which were targeted to different sites of the gfp
gene. The dCas9-associated plasmids were constructed ac-
cording to the above process, and named pKP-dCas9-gfp-
5T, pKP-dCas9-gfp-5NT, pKP-dCas9-gfp-3T, pKP-dCas9-
gfp-3NT, pKP-dCas9-gfp-ZT, pKP-dCas9-gfp-ZNT and
pKP-dCas9-gfp-no, which were targeted to different sites
of the gfp gene. The sgRNA sequences are listed in Supple-
mentary Table S2 and all plasmids are listed in Supplemen-
tary Table S3.

Sinorhizobium meliloti culture and general transposition as-
says

A complete list of S.meliloti strains used for transposition
experiments is provided in Supplementary Table S4. All S.
meliloti transposition experiments were performed with S.
meliloti 320. The cells were cultured in TYC medium con-
taining (1 l): 5 g of tryptone, 3 g of yeast extract and 0.67
g of CaCl2. All S.meliloti transformations were performed
using electrocompetent cells and standard electrotransfor-
mation methods, followed by recovery in TYC medium at
30◦C and 200 rpm, and then selection on agar plates with
the indicated antibiotics. The typical transformation effi-
ciency was > 103 colony-forming units/�g of total DNA.
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Figure 1. CAST can be used for gene integration in S. meliloti. A. Schematic of CAST-mediated gene integration. B. The pHelper and pDonor are schematic
of the original CAST system, and the pTarget and pKP-Donor are the improved CAST based on the high-copy-number vector pKP that can replicate
autonomously in S. meliloti. C. The fluorescence of the selected promoters. D. Constructed pTarget for S. meliloti. The original promoter in front of the
transposase gene was replaced with the stronger J23119 promoter, which was also used to initiate the expression of Cas12k protein alone.

All standard transposition tests in S.meliloti included incu-
bation at 30◦C for 72 h after recovery and plate spreading.

Preparation of electrocompetent cells of S.meliloti and elec-
trotransformation

Sinorhizobium meliloti 320 was streaked on TYC agar plates
and incubated at 30◦C for 3 days. A single colony was picked
into 5 ml of TYC medium in a tube and incubated at 30◦C
for 24–28 h at 200 rpm. Then, the 5 ml bacterial culture

was transferred to a 250 ml flask containing 30 ml of TYC
medium and incubated at 30◦C for 5 h. When the OD700
reached 0.6, the flask was placed in an ice bath for 30 min,
transferred into a sterilized ice-cold 50 ml centrifuge tube
and centrifuged at 4◦C and 4000 rpm for 10 min. The su-
pernatant was removed and the cells were resuspended in
sterile ice-cold water and centrifuged as above. This step
was repeated twice. Then, the cells were resuspended in ice-
cold 10% glycerol and centrifuged as above. This step was
also repeated twice. The cells were finally concentrated and



8964 Nucleic Acids Research, 2022, Vol. 50, No. 15

resuspended in 10 ml of ice-cold 10% glycerol, aliquoted
and stored at –80◦C. For transformation, 1 ml of electro-
competent cells was combined with 1 �g of donor DNA
or plasmid, transferred into a 1 mm electroporation cuvette
and electroshocked at 1.7 kV. The cells were cultured in TYC
medium, placed in a 1.5 ml Eppendorf tube for recovery at
30◦C and centrifuged at 200 rpm for 2 h. Then, the cells
were spun down, spread on TYC agar plates with the indi-
cated antibiotics, and grown at 30◦C for 4–6 days until single
colonies appeared.

Experiments involving the pKP-Donor and pKP-target
were performed by first transforming electrocompetent cells
with pKP-Donor, selecting individual colonies and grow-
ing them with antibiotic selection in TYC medium at
30◦C for 3 days, and then pKP-target was transformed
into the cells. Experiments involving the CRISPRi-targeted
gfp gene necessitated transforming electrocompetent cells
with pKP-Cas12k-gfp plasmids, and a clone containing
the plasmid was incubated in resistance medium until
OD700 = 0.8 and induced by adding 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG). After 16 h induction, 50 �l
of the bacterial solution was centrifuged to remove the su-
pernatant, the slime was resuspended with 200 �l of ddH2O
and the fluorescence intensity was detected by a multifunc-
tional enzyme marker. Experiments involving CRISPRi tar-
geted to other endogenous genes necessitated transform-
ing electrocompetent cells with pKP-Cas12k plasmids, and
a clone containing the plasmid was incubated in resis-
tance medium until OD700 = 0.8 and induced by adding 1
mM IPTG. After 16 h induction, the level of gene down-
regulation was assessed by quantitative PCR (qPCR).

Transposition efficiency analysis by colony PCR and Sanger
sequencing

Colony PCR was performed using Taq DNA polymerase
and Green Taq Mix (Vazyme Biotech). A single clone was
randomly picked from plates and suspended in 10 �l of H2O
as the DNA template for the PCR. The 20 �l reaction mix-
tures contained 10 �l of Green Taq Mix, 1 �M primer, 1 �l
of template and 7 �l of H2O. The thermal cycling conditions
were: one cycle, 95◦C, 5 min; 29 cycles, 95◦C, 30 s, 55◦C, 30
s, 72◦C, 5 s; held at 4◦C. Primer pairs were designed to be
∼300 bp upstream of the insertion site and ∼100 bp within
the insertion gene near the LE in order to shorten the detec-
tion time. PCR products were separated by 1% agarose gels
and stained with SYBR Safe (Thermo Scientific). Negative
control samples and experimental samples were analyzed in
parallel to identify non-specific bands. The PCR products
were sent to GENEWIZ for isolation and analysis.

High-throughput sequencing and data analysis

The raw image data of sequencing results were identified
by image base calling (Base calling) using the software
CASAVA (v1.8.2), and preliminary quality analysis was per-
formed to obtain the raw data of sequenced samples (Pass
Filter Data, PF). The raw data were pre-processed and the
low-quality data were filtered using Cutadapt software to
remove primer contamination and spliced sequences. The

data were split according to the barcode sequences, and
the target sequences were selected according to the up and
downstream 10 nt of the target sequences, followed by cal-
culation of the abundance statistics. The merged sequences
were compared with the reference sequences using BWA
software to extract statistical mutation abundance informa-
tion, after which the frequencies of insertion at different
sites were obtained.

Paired-end sequencing and off-target rate analysis

The genomic DNA of S.meliloti from a 5 ml culture with an
OD700 of 2 was extracted using the Qiagen Genome Extrac-
tion Kit. Then, the DNA was fragmented, followed by end-
complementation repair by adding a deoxynucleotide at the
3’ end to convert to sticky ends. DNA connectors contain-
ing index sequences were then added on both sides of the
sticky ends by complementary base pairing. PCR amplifi-
cation was performed to add index sequences to the end of
the target fragment to complete the construction of the se-
quencing library, which was bound to the sequencing chip
by bridge PCR. The library was then sequenced by Illu-
mina HiSeq onboard. The sequencing data were processed
offline to obtain the raw data, which were filtered to remove
connectors, decontaminated and then compared with the
reference genome. From the results of the comparison, du-
plicate sequences due to PCR amplification were removed
from each library, and then the sequencing depth and cov-
erage relative to the reference genome were calculated. The
insertion position was determined by finding chimeric se-
quences bridging the insert and the reference genome in the
clean data.

Plasmid curing

The verified inserted clones were grown in 5 ml of TYC
medium at 30◦C and 200 rpm for 3 days. Then, 10 �l were
transferred to 5 ml of TYC medium, cultured for 2 days;
this was repeated six times. A 10 �l aliquot was streaked
on TYC agar plates and grown at 30◦C for 3 days. Single
colonies were picked and replica-spotted on plates with no
antibiotic, as well as plates with spectinomycin and plates
with ampicillin, respectively. The clones that grew only on
the antibiotic-free plates were selected as the cured strains.

Shaking flask studies

Shaking flask studies were performed in complex medium
containing 50 g/l brown sugar, 60 g/l of corn syrup, 2 g/l
(NH4)2SO4, 0.006 g/l of CoCl2, 2.6 g/l KH2PO4, 6 g/l be-
taine (N,N,N-trimethylglycine) and 1 g/l DMBI, pH 6.8–
7.0. Seed cultures were grown in 5 ml of TYC medium at
30◦C and 200 rpm for 20–24 h, until the OD700 reached 2–
3. The cells were harvested in a 50 ml tube by centrifuga-
tion at 6000 rpm for 2 min, the supernatant was discarded
and the cells were resuspended in 30 ml of TYC medium.
Then, a 250 ml conical flask containing 30 ml of fermen-
tation medium was inoculated at a ratio of 1:50 and sealed
with an air-permeable aseptic film. The fermentations were
conducted at 30◦C and 200 rpm for 7 days.



Nucleic Acids Research, 2022, Vol. 50, No. 15 8965

Real-time PCR

The sample RNA was extracted by the TRIzoL method,
and the experimental operation was carried out according
to the product instructions. The template RNA was thawed
on ice, 1 pg was added to 2 �g of template RNA and 4 �l
of 4× gDNA wiper Mix, and RNase-free H2O was added
to make up the volume to 16 �l; it was held at 42◦C for 2
min. An additional 4 �l of 5× HiScript III qRT SuperMix
was then added. The above reaction solution was incubated
at 37◦C for 15 min, then at 85◦C for 5 s to terminate the
reaction, and placed on ice for subsequent experiments or
cryopreservation. PCR was carried out in a reaction sys-
tem consisting of 5 �l of 2× Master Mix, 0.2 �l of Primer
F, 0.2 �l of Primer R, 1 �l of cDNA and 3.6 �l of wa-
ter. The target gene and internal reference of each sample
were each subjected to real-time PCR (Applied Biosystems,
QuantStudio™5), and each sample was tested in three repli-
cate wells. The data were analyzed using the 2–��CT method
(29) and the primers and PCR program are shown in Sup-
plementary Table S7.

High-performance liquid chromatography (HPLC) analysis
of the vitamin B12 yield

The wells of a 96-well plate were filled with 870 �l of sterile
water and 30 �l of bacterial culture, after which 200 �l of
the resulting diluted suspension was moved to a microtiter
plate to measure the OD700. Samples comprising 1 ml of the
fermentation broth were taken after 7 days of fermentation,
and quenched by adding 100 �l of 8% sodium nitrite and
100 �l of glacial acetic acid. The quenched samples were
centrifuged at 12 000 rpm for 2 min, the supernatant was re-
moved, passed through a 0.22 �m pore-size membrane and
combined with 20 �l of 2% NaCN (w/v). The analysis was
conducted on an Agilent TC C18 column (4.6 × 250 mm)
at a temperature of 35 ◦C. The mobile phase was prepared
by vacuum filtration of water through a 0.22 �m pore-size
aqueous membrane, followed by sonication for 30 min. The
organic phase was methanol (HPLC grade), which was also
sonicated for 30 min. The mobile phase consisted of 30%
methanol and 70% water at a flow rate of 0.8 ml/min. The
injection volume was 15 �l, the detection wavelength was
361 nm and the running time was 15 min.

RESULTS

Verification of CRISPR-associated transposase (CAST)
system-mediated gene integration in S.meliloti

Sinorhizobium meliloti can be used for the industrial pro-
duction of vitamin B12, but its further optimization is ham-
pered by a poor intrinsic homologous recombination abil-
ity and lack of effective gene editing tools. We transformed
the fragment containing a 500 bp homology arm and a re-
sistance gene, then randomly verified 10 single clones for
verification. We found that no positive clones could be
obtained through resistance screening. Subsequently, Cas9
protein was expressed through the tac promoter but clones
could not be obtained (Supplementary Figure S1). How-
ever, modification of S.meliloti by means of genetic engi-
neering enables the regulation of gene expression and mod-
ification of metabolic pathways to facilitate the selection of

high-yielding strains, so we urgently need to develop effi-
cient gene editing tools in S.meliloti.

Cas12k-mediated CAST has been demonstrated to
achieve the integration of DNA fragments with a size of up
to 10 kb in E.coli with up to 80% efficiency using pHelper
and pDonor plasmids (20). pHelper is a high-copy plasmid
containing a colE1 replicon and encodes the transposase
genes tnsB, tnsC and tniQ, as well as cas12k for target-
ing. pDonor contains the R6k replicon and is used to pro-
vide the cargo gene. To broaden the host range, we replaced
the donor plasmid with the high-copy-number vector pKP,
whose replication does not depend on the presence of the
pir protein, which helps to improve the versatility of the re-
sulting tool, named pKP-Donor. We integrated the trans-
posase genes into a pKP plasmid with a different resistance
marker, named pTarget (Figure 1B). After the pTarget tar-
geting open reading frame (ORF) 1365 and the pKP-Donor
loaded with a 2.5 kb cargo gene were electroporated into
S.meliloti, 10 single clones were randomly selected to ver-
ify the efficiency of gene integration, and only five clones
were found to have successful gene knock-ins (Supplemen-
tary Figure S2). Therefore, the tool still needed further op-
timization.

An optimized Cas12k-based gene integration tool in
S.meliloti

Since previous experiments have shown that the efficiency
of gene integration is directly proportional to the expres-
sion level of transposase (30), we screened a range of pro-
moter strengths and characterized promoter strength by
green fluorescent protein (GFP) (Figure 1C), and finally we
selected the stronger J23119 promoter to improve the ex-
pression of transposase and Cas12k (Figure 1D). A total of
10 non-essential genes of S.meliloti (ORF 933, ORF 1354,
ORF 1365, ORF 1699, ORF 1795, ORF 1797, ORF 1806,
ORF 1807, ORF 1809 and ORF 4842) were selected as tar-
get sites, and the corresponding pTargets were constructed.
The pKP-Donor-2.5kb vector with a cargo fragment length
of 2.5 kb was selected as the donor plasmid. As shown in
Figure 2A, we analyzed 10 randomly selected clones, all of
which underwent integration. The strain which integrated
the 2.5 kb cargo gene and targeted ORF 1365 was subjected
to whole-genome sequencing to verify the off-target rate,
and it was found that the main off-target site is in ORF 3194
(15.93%) (Supplementary Figure S3; Supplementary Table
S6). Therefore, we concluded that the integration efficiency
could be improved by adjusting the expression of the Tn7-
like transposase and the tool could work in S.meliloti with
high efficiency.

C12KGET-mediated efficient genome engineering in
S.meliloti

To investigate the effect of different lengths of cargo frag-
ments on editing efficiency, we selected ORF 933, ORF
1354 and ORF 1365 to integrate heterologous sequences
of 1.5, 5.5 and 10 kb, respectively. As shown in Figure 1B
and Supplementary Figure S4, the integration efficiency at
all three sites was practically up to 100% without gene size
limitation. After isolation of single clones and sequencing,
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Figure 2. C12KGET enables high-efficiency insertion of large (10 kb) genetic payloads in S. meliloti. (A) PCR-based quantification of integration efficiency
at different sites to insert a 2.5 kb gene. (B) PCR-based quantification of integration efficiency with different cargo sizes at three sites. (C) The sequencing
result proves that the integration direction was at the left end of the transposon near the target site. (D) Schematic of high-through sequencing for insertion
preference. (E) Integration sites have a preference as determined by high-throughput sequencing. Integration efficiency data in (A) and (B) are shown as
the mean ± SD for n = 3 biologically independent samples.
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it was found that the integration direction was at the left
end of the transposon near the target site, consistent with
previous studies (Figure 2C; Supplementary Figure S5).
These results showed that the constructed tool, C12KGET,
could achieve efficient gene integration in S.meliloti, reach-
ing practically 100% efficiency with cargo sequences of up
to 10 kb.

Interestingly, when sequencing the above edited strains,
we found a certain preference for the location of the inser-
tion (Supplementary Figure S5). To explore the locus pref-
erence of gene integration, we took single clones with inte-
grated donor sequences of 1.5, 2.5, 5.5 and 10 kb at ORF
933, ORF 1354 and ORF 1365 sites for culture, and ex-
tracted the genomic DNA for high-throughput sequencing
(Figure 2D). Depending on the edited genes, gene integra-
tion at the same target site was stable despite the differ-
ent lengths of the inserted donor sequences, mainly concen-
trated in two positions downstream of the PAM.

When integrating 1.5, 2.5, 5.5 and 10 kb donor sequences
at ORF 933, gene integration occurred mainly at positions
63 and 64 bp downstream of the PAM, accounting for 40%
and 35%, respectively. Gene integration at ORF 1354 oc-
curred mainly at locations 62 and 65 bp downstream of
the PAM, with proportions of 70% and 15%, respectively.
Gene integration at ORF 1365 occurred mainly at 62 and
65 bp downstream of the PAM, with proportions of 55%
and 30%, respectively (Figure 2E). Thus, the targeting po-
sition is rather fixed relative to the site downstream of the
PAM, despite the different length of the donor fragment.

A novel Cas12k-based compact and strong transcriptional re-
pression tool in S.meliloti

The Cas12k protein consists of only 639 amino acids and
has a naturally inactivated endonuclease domain. By de-
signing sgRNAs targeting the genome so that the Cas12k–
sgRNA complex binds to the target gene, transcriptional
elongation of the gene can be blocked and gene expression
can be down-regulated. Compared with Cas9 and Cas12a,
no mutation of the Cas protein is required, which gives it a
natural advantage for transcriptional regulation.

To verify that Cas12k-mediated CRISPRi can down-
regulate gene expression and the simplicity of the exper-
imental operation, the gfp gene was selected as the tar-
get, and the down-regulation of expression was directly ob-
served by measuring the change of GFP fluorescence. Ac-
cording to previous research results (31), targeting the same
gene at different locations has different down-regulation ef-
fects. To allow a more comprehensive assessment of the ef-
fect of Cas12k-mediated CRISPRi, six different sites on the
gfp gene were selected, three for each of the template and
non-template strands (Figure 3A). Among them, plasmid
pKP-Cas12k-gfp-no has no targeting site and was used as
a negative control to characterize the interference-free fluo-
rescence value. At the same time, we also constructed the
corresponding dCas9-mediated transcriptional repression
tool (Figure 3A) to verify the gene down-regulation effect
of Cas12k-mediated CRISPRi.

The CY-1 strain (Supplementary Table S4) was con-
structed by integrating PJ23119-gfp into the genome using
C12KGET, and was further used to verify whether Cas12k-

mediated CRISPRi can achieve transcriptional regulation
in S.meliloti. The seven plasmids constructed above were
individually introduced into the cells, and the fluorescence
was detected in liquid cultures induced for 16 h. When
the OD700 reached 0.8, protein expression was induced by
adding 1 mM IPTG. The experimental results showed that
the effect differed greatly when targeting different positions
of the target gene. Targeting 5’ sequences of gfp on the chro-
mosome resulted in the highest degree of down-regulation
for both template and non-template strands (5T and 5NT),
with up to 90% reduction of fluorescence. In contrast, the
effect was poorer when targeting the 3’ of gfp, which is con-
sist with dCas9-mediated transcriptional repression (Figure
3B).

We speculated that the best down-regulation effect can be
achieved when targeting the 5’ end of the template strand of
the gene, and the worst down-regulation effect was achieved
when targeting the 3’ end of the non-template strand of
the gene. The Cas protein–sgRNA complex binds to the
5’-untranslated region (UTR) of the DNA, preventing fur-
ther mRNA extension by RNA polymerase, which in turn
weakens the target gene expression. We also found that the
effect of dCas9-mediated CRISPRi and Cas12k-mediated
CRISPRi down-regulation of gene expression was consis-
tent, but dCas9-mediated CRISPRi had a greater effect on
bacterial growth (Figure 3C). Moreover, we also found that
the fluorescence value decreased significantly after 6 h of
induction (Figure 3D). In order to explore the effect of
gRNA length on transcriptional regulation, we also trun-
cated the gRNA, and tested the effect of 21 and 19 bp
gRNA transcriptional regulation. At the same time, we also
compared the effect of adding inducers at different times
on transcriptional regulation. We found that the truncated
gRNA could not effectively regulate the transcription of
gfp, and the time of addition of inducers did not affect
the effect of CRISPRi-mediated transcriptional regulation
(Figure 3E). Thus, the high efficiency of Cas12k-mediated
CRISPRi was also demonstrated in a genetic manipulation-
deprived species.

C12KGET-mediated metabolic engineering in S.meliloti

Delta-aminolevulinate (ALA) is a common precursor for
the synthesis of tetrapyrrole compounds such as vitamin
B12, heme and siroheme. In the C4 pathway, ALA is pro-
duced by the condensation of glycine with succinyl-CoA
catalyzed by ALA synthase (HemA). Then, ALA molecules
are assembled into porphobilinogen by ALA dehydratase
(HemB), and further cyclized by bilirubinogen deaminase
(HemC) and uroporphyrinogen III synthase (HemD) to
form uroporphyrinogen III, which is the common precur-
sor for the synthesis of heme, chlorophyll, siroheme and
Cbl (Figure 4A). Since these tetrapyrrole compounds share
the pathway from ALA to uroporphyrinogen III, enhancing
their synthesis may also increase vitamin B12 production.
We used C12KGET to integrate the hemA, hemB, hemC
and hemD genes (5.5 kb in total) into ORF 933 and ORF
1354, resulting in strains SM-1 and SM-2, respectively (Fig-
ure 4B). The qPCR data showed that the expression levels
of hemB, hemC and hemD genes were up-regulated (Fig-
ure 4A). Since hemA, hemB, hemC and hemD are expressed
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Figure 3. A novel CRISPRi tool based on Cas12k. (A) Schematic of Cas12k-mediated transcriptional regulation. (B) The effect of Cas12k- and dCas9-
mediated CRISPRi in S.meliloti. (C) Growth curves of Cas12k- and dCas9-mediated CRISPRi in S.meliloti. (D) The effect of Cas12k-mediated CRISPRi
in S.meliloti with different incubation times. (E). The effect of different sgRNA lengths and induction times on CRISPRi. Data in (B–E) are shown as the
mean ± SD for n = 3 biologically independent samples.

in fusion, it means that after the integration of the four
genes, the expression of the genes has been up-regulated,
and the engineered bacteria exhibited respective yield in-
creases of ∼10% and 15% (Figure 5B), while growth was
unaffected compared with the wild type (Figure 4C). These
results demonstrated that the promotion of ALA and uro-
porphyrinogen III synthesis can improve vitamin B12 pro-
duction.

Furthermore, feedback inhibition of enzymes located
at nodes in the biosynthetic pathway is a common strat-
egy for the regulation of microbial metabolism, and
avoiding excessive synthesis of certain products can
avoid wasting resources. In many bacteria, S-adenosyl-
L-methionine:uroporphyrinogen III methyltransferase
(SUMT) regulates the metabolic flow of Cbl. SUMT
catalyzes the methylation of uroporphyrinogen III at po-
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Figure 4. The biosynthetic pathway of vitamin B12 in S.meliloti and different strategies to increase the production of vitamin B12. (A) Schematic of the
vitamin B12 synthesis pathway of S.meliloti. At the uroporphyrinogen III node, the metabolic pathway is divided into two parts, and different regulatory
strategies are adopted. The red box shows the uroporphyrinogen III synthesis module. The first strategy is to increase the production of uroporphyrinogen
III by overexpressing hemABCD to provide sufficient substrate for the synthesis of vitamin B12. The black box shows the siroheme by-product generation
module. Strategy II aims to adjust the metabolic flow distribution of precirrin-2, reduce the generation of siroheme and avoid the consumption of precirrin-
2 to promote the synthesis of vitamin B12. (B) The process of strain construction, fermentation and vitamin B12 detection in cultures of the engineered
strains.
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Figure 5. Transformation of S.meliloti using C12KGET successfully increased the yield of vitamin B12. (A) The qPCR data of engineered strains overex-
pressing the hemABCD genes or cobA gene. (B) The vitamin B12 production of engineered strains. (C) OD700 of the six engineered strains after 7 days of
fermentation without feeding. (D) The qPCR data of engineered strains with knockdown of the cysG gene. (E) OD700 of the engineered strain constructed
using CRISPRi to knock down the cysG gene after 2, 3 and 5 days of fermentation without feeding. Data in (A–E) are shown as the mean ± SD for n = 3
biologically independent samples.

sitions 2 and 7 to generate precorrin-2, a key intermediate
in the vitamin B12 and siroheme biosynthesis pathways
(Figure 4A) (32). It is subjected to feedback inhibition by
an excess of the substrate uroporphyrinogen III and the
product S-adenosyl-homocysteine (SAH) (33,34). Because
of the presence of enzymatic substrate inhibition, feedback
inhibition and multiple competing synthetic pathways, the

industrial yield of vitamin B12 has remained stubbornly low,
and it is necessary to optimize several common reactions
in the synthesis of tetrapyrroles. CysG is a trifunctional
enzyme that, together with CobA, catalyzes the conversion
of uroporphyrinogen III to precorrin-2, which is further
converted by a series of enzymes to produce vitamin B12.
Furthermore, the CysG enzyme converts precorrin-2 to
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siroheme, one of the by-products of the vitamin B12 biosyn-
thesis pathway. Therefore, this metabolic pathway can
be optimized either by targeting the cysG gene to reduce
the production of siroheme from precorrin-2, thereby
decreasing the consumption of precorrin-2, or alternatively
by up-regulating the expression of cobA to avoid feedback
inhibition due to uroporphyrinogen III overload, and
promote the synthesis of precorrin-2 (Supplementary Table
S5).

To reduce the production of siroheme, we down-regulated
the expression of cysG using the CRISPRi tool. We took
the fermentation broth at 3 and 5 days of fermentation,
detected the expression of cysG at different fermentation
times by qPCR and found that the gene expression was
down-regulated during the fermentation process (Figure
5D). However, the fermentation of the constructed engi-
neered strains revealed that the growth of the bacteria was
affected by a large metabolic burden, slowing down by 40%
compared with the wild type (Figure 5E). To avoid the
metabolic burden caused by the plasmid and the toxicity
caused by the inducer IPTG during fermentation, we chose
to completely inactivate cysG by insertion of a transgene.
When the integration site is selected in the ORF of the tar-
get gene, the inserted donor sequence causes a translational
frameshift of the target gene, blocking its expression. The
SM-3 strain was constructed by integrating the donor se-
quence into the ORF of the cysG gene.

In order to release the substrate repression of uropor-
phyrinogen III, the cobA gene was inserted into ORF 933
or ORF 1354, resulting in the strains SM-4 and SM-5, re-
spectively. However, expressing only the cobA gene after
blocking the cysG gene leads to insufficient precorrin-2 sup-
ply for vitamin B12 synthesis. To avoid this, the cobA gene
was integrated into the ORF of the cysG gene. The result-
ing strain SM-6 has no cysG gene expression while overex-
pressing the cobA gene. Previous studies have shown that
Rhodobacter capsulatus-derived cobA (RccobA) can toler-
ate high substrate repression concentrations and can further
unblock the substrate inhibition of SUMT (35). Therefore,
we overexpressed RccobA in ORF 933 and ORF 1354, and
integrated RccobA while blocking cysG to verify the effect
on vitamin B12 production, and named the strains SM-7,
SM-8 and SM-9, respectively. The expression of the above
genes was measured in the fermentation broth at the later
stage of fermentation. qPCR data showed that the expres-
sion of all the above genes was up-regulated (Figure 5A). As
shown in Figure 5B, the vitamin B12 yields of the four gene-
integrated strains increased compared with that of wild-
type SM320, by ∼10% in strain SM-3 and SM-7, and by
20% in strains SM-4, SM-5, SM-8 and SM-9. Notably, the
vitamin B12 yield of strain SM-6 was 92 mg/l, representing
a 25% increase over the wild type. Importantly, growth was
unaffected compared with the wild type (Figure 5C).

DISCUSSION

Currently, S.meliloti, the strain primarily used for vitamin
B12 production, can synthesize vitamin B12 under aero-
bic conditions (36). The vitamin B12 biosynthesis pathway
involves > 30 genes (37), but several genes and regula-
tory feedback mechanisms have not been fully identified,

which makes the optimization of vitamin B12 production ex-
tremely difficult (38,39). Due to the fact that homologous
recombination efficiency of S.meliloti is low and is devoid
of genetic manipulation tools, obtaining high-performance
strains is mainly based on random mutagenesis (10). Previ-
ous experiments demonstrated that Ptac expression of Cas9
could not produce transformants, and we suspected that
this may be due to the high expression of Cas9 protein, so it
was further optimized by reducing the expression of Cas9.
We found that a small number of transformants could be
obtained by replacing the tac promoter with the lac pro-
moter. Subsequently, the pKP plasmid contained the cas9
gene and homology arm (500 bp) to make the 2.5 kb frag-
ment integrate into ORF 933, ORF 1354 and ORF 1365,
and even random selection of 20 clones can result in no pos-
itive clones, making genetic modification of this strain very
challenging (Supplementary Figure S6).

In this study, we developed C12KGET, which resulted
in genome modification of S.meliloti with an editing effi-
ciency approaching 100% for the first time, and the inte-
gration efficiency of fragments >5 kb was significantly im-
proved by increasing the expression of transposase. To sim-
plify the procedure, we tried to integrate the dual-plasmid
system into a single plasmid system (Supplementary Figure
S7), but failed to achieve 2.5 kb gene integration at ORF
933, ORF 1354 or ORF 1365. In order to further explore
the limit of the integration ability of this tool, we further
tried to integrate an 11 kb cargo gene at ORF 1365. Unfor-
tunately, although we randomly verified 10 single clones, no
positive clones were obtained (Supplementary Figure S8).

The vitamin B12 synthesis pathway is subject to feedback
inhibition by various regulatory mechanisms, resulting in
a strong repressive effect when vitamin B12 accumulates in
the cells, which may affect the expression of genes associ-
ated with vitamin B12 synthesis (40). Uroporphyrinogen III
is a common precursor for the synthesis of heme, chloro-
phyll, siroheme and vitamin B12 (41). Therefore, we adopted
a strategy of overexpressing cobA while inactivating cysG.
Using this dual-plasmid technique, we successfully modi-
fied the vitamin B12 synthesis pathway to increase the yield
of vitamin B12 by 25%, with no supplementation during fer-
mentation.

In addition, to investigate the metabolic pathway of vita-
min B12, we integrated cobI (SM-11, SM-12), cobF, cobG,
cobH, cobI, cobJ, cobK, cobL and cobM (SM-13, SM-14)
and cobN, cobS, cobT, cobO, cobQ, cobW and cobP (SM-
15, SM-16) in both ORF 933 and ORF 1354. It was found
that the yield of vitamin B12 increased by 15% for SM-11
and SM-12, 19% for SM-13 and SM-14, and 10% for SM-15
and SM-16 after 7 days of non-supplemented fermentation
compared with the wild type. Since simultaneous expres-
sion of multiple genes by one J23119 promoter may result
in insufficient expression of some genes, subsequent integra-
tion of single genes followed by integration of multiple genes
for overexpression can be performed to further resolve the
rate-limiting enzymes of the vitamin B12 metabolic pathway
and thus increase the yield of vitamin B12 (Supplementary
Figure S9). This technique greatly facilitates the modifica-
tion of industrial strains lacking a native genetic engineering
toolbox, and it is currently the first efficient genome editing
tool available for S.meliloti.
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Moreover, we also successfully achieved efficient gene
integration in Shewanella sp. S05 (Supplementary Figure
S10), which has low homologous recombination efficiency
and lacks genetic editing tools (42). This strain also plays
a crucial role in aquatic spoilage, and the method can be
used to explore the mechanism of such spoilage of aquatic
products (43). This demonstrates that C12KGET is a pow-
erful tool for genetic modification of strains with low ho-
mologous recombination efficiency. Therefore, this tool will
greatly simplify the metabolic engineering of a broad spec-
trum of industrial strains and will aid in studying the mech-
anisms of regulation of spoilage in aquatic products.

Despite these encouraging results, there are still many
problems in this system that need to be further optimized.
We sequenced the whole genome and found that the off-
target rate was 17.48% in the whole ORF for sgRNA-3
(Supplementary Figure S3), and the major off-target sites
are located within ORF 3194 where the integrated genes are
located (15.93%). Since C12KGET in S.meliloti resulted in
a low off-target rate within the ORF, this tool allows for
precise gene integration to regulate metabolic pathways. En-
hancing the ability of Cas protein to bind DNA or shorten-
ing the time of Cas protein searching for PAM may be one
of the strategies to reduce its off-target rate, which makes
C12KGET a convenient and widely applicable genetic tool.

Because there is no TnsA protein, this tool led to co-
integration. According to Zhang et al., the ratio of co-
integration and simple integration in E.coli is 1:4 and, by
pre-treatment of pDonor plasmid, single-strand nicks can
effectively avoid the occurrence of co-integration (44). In
addition, according to Tou et al., a homing endonuclease
and TnsB fusion and modified donor plasmid will be used
to achieve a HELIX that can design and efficiently cut and
ligate DNA insertions similar to type I CRISPR-related
transposase technology that realizes programmable, uni-
directional, independent recombination of DNA insertion
technology and purifies simple insertion gene products with
the smallest components and the smallest sized equipment,
and the proportion of simple integration is as high as 99.3%
(45).

In conclusion, C12KGET is compact, simple in compo-
sition and efficiently realizes gene editing and integration
of large fragments of DNA unidirectionally, which can be
used as a favorable tool for genetic manipulation-deprived
strains to produce blocked gene expression, gene integra-
tion and transcriptional regulation by a single transfor-
mation. Especially for industrial strains such as S.meliloti,
which can produce high-value chemicals, C12KGET lays
the foundation for further yield improvement. We have used
this tool to initially modify the vitamin B12 pathway to ob-
tain a high-yielding strain, which also indicates the potential
for further development of this strain’s ability to produce vi-
tamin B12.
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