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ABSTRACT Pediococcus acidilactici is commonly used for pediocin production and lac-
tic acid fermentation. However, a high-efficiency genome editing tool is unavailable for
this species. In this study, we constructed endogenous subtype II-A CRISPR-Cas system-
based genome interference plasmids which carried a “repeat-spacer-repeat” cassette in
the pMG36e shuttle vector. These plasmids exhibited self-interference activities in
P. acidilactici LA412. Then, the genome-editing plasmids were constructed by cloning
the upstream/downstream donor DNA into the corresponding interference plasmids to
exert high-efficiency markerless gene deletion, gene integration, and point mutation in
P. acidilactici LA412. We found that endogenous CRISPR-mediated depletion of the
native plasmids enhanced the cell growth and that integration of an L-lactate dehydro-
genase gene into the chromosome enhanced both cell growth and lactic acid
production.

IMPORTANCE A rapid and precise genome editing tool will promote the practical
application of Pediococcus acidilactici, one type of lactic acid bacterium with excel-
lent stress tolerance and probiotic characteristics. This study established a high-effi-
ciency endogenous CRISPR-Cas system-based genome editing tool for P. acidilactici
and achieved different genetic manipulations, including gene deletion, gene inser-
tion, mononucleotide mutation, and endogenous plasmid depletion. The engineered
strain edited by this tool showed significant advantages in cell growth and lactic
acid fermentation. Therefore, our tool can satisfy the requirements for genetic
manipulations of P. acidilactici, thus making it a sophisticated chassis species for syn-
thetic biology and bioindustry.

KEYWORDS Pediococcus acidilactici, endogenous CRISPR-Cas, genome editing, lactate
dehydrogenase gene, lactic acid

actic acid bacteria (LAB) have been widely used in different fields due to their eco-

nomic value and functional characteristics over the past decades (1). LAB can be
used for producing organic acids and fermented food (2-6), and some of them can
also promote animal intestinal barrier repair and growth (7, 8). However, LAB are
unable to meet increasing production demands due to potential limitations such as
incomplete metabolism pathway and poor stability (9-11). With the development of
genome-editing approaches, different strategies have been used for improving the
beneficial properties of LAB (12). The CRISPR-Cas system has been well studied, and
based on this system, some flexible and high-efficiency genome engineering tools
have been developed for bacteria, archaea, and eukaryotes (13-17). Various genome
editing goals have been successfully achieved in several LAB strains based on CRISPR-
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FIG 1 Function validation of the endogenous CRISPR-Cas system in P. acidilactici LA412. (A) Schematic of the
endogenous CRISPR-based genome editing in P. acidilactici LA412. On the upper part of schematic are the
CRISPR array, tracrRNA gene, and cas genes (cas1, csn2, cas2, and disrupted cas9, including cas9-N and cas9-C).
N(87) represents 87 bp between the ATG and TAA codons. The challenging plasmids with the cassette of
“protospacer-PAM” were transformed into the cells and cleaved by the endogenous CRISPR-Cas system. Red,
blue, and brown bars on the challenging plasmid indicated the protospacer which matched with spacer 1 (PS1)
of the CRISPR array, the NGG PAM (in the sequence, N corresponds to A, T, G, or C), and erythromycin
resistance gene emr, respectively. (B) Relative transformation efficiencies of the challenging plasmids with or

without NGG PAM. The data are expressed as mean = SD with three technical replicates. ***, P < 0.001.

Cas systems (18). For example, the edited cells can be identified from Lactobacillus reu-
teri with the assistance of the CRISPR-Cas9 system (19). The CRISPR-Cas9 system has
also been applied successfully in other Lactobacillus species, including Lactobacillus
casei (20) and Lactobacillus plantarum (21).

Notably, there are many disadvantages in applying heterogenous CRISPR-based
editing tools for genetic engineering, such as low transformation efficiency of the edit-
ing plasmids, weak activity, and potential protein toxicity of Cas nucleases (22-24).
Many LAB strains harbor different subtypes of the CRISPR-Cas system in their genomes
to provide native CRISPR endonucleases for genetic engineering (18, 25). For example,
the endogenous subtype I-E CRISPR-Cas system is applied for efficient chromosomal
targeting and genetic manipulation in Lactobacillus crispatus (26). The endogenous
subtype II-A CRISPR-Cas system (CRISPR-Cas9) is employed to enhance the production
of exopolysaccharides in Streptococcus thermophilus after a single nucleotide mutation
in the polymerase epsC gene (27).

Pediococcus acidilactici has been studied as an industrial starter strain and potential
probiotic that generally exhibits excellent properties such as thermotolerance and
stress resistance (28). This species can secret pediocin, which is an effective bacteriocin
with a broad antibacterial spectrum (29-31). Due to its probiotic properties, P. acidilac-
tici has recently been used as a feed additive worldwide (32-34). Although plasmid-
based homologous recombination (classic double-crossover) strategy has been suc-
cessfully used for engineering lactate metabolism pathways in P. acidilactici (35), it is
difficult for this method to meet the requirement for high-efficiency genome editing.
In this study, we developed an endogenous subtype II-A CRISPR-Cas system-based ge-
nome editing tool for high-efficiency markerless gene deletion, gene insertion, point
mutation, and native plasmid depletion in P. acidilactici. Using this method, we have
obtained a native plasmid-deleted strain and an L-lactate dehydrogenase gene-inte-
grated strain, and these two strains showed higher growth rates or/and lactic acid (LA)
production efficiency.

RESULTS

Function verification of endogenous CRISPR-Cas system. We recently isolated
P. acidilactici LA412, which contains a complete II-A CRISPR-Cas system consisting of a
CRISPR array and some Cas protein genes, including cas1, cas2, csn2, and cas9 (Fig. 1A).
However, we found a translation stop codon introduced into cas9, thus resulting in
mutation of the Cas9 protein (Fig. 1A). The interference activity of the disrupted Cas9 en-
donuclease in P. acidilactici LA412 was tested using the challenging plasmid (pMG36e-
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PS1-NGG), which carried a common protospacer with different protospacer-adjacent
motif (PAM) sequences (AGG, TGG, GGG, and CGG) adjacent to its 3" end (Fig. 1A). The
results revealed that all challenging plasmids showed lower transformation efficiencies
than the control empty plasmid pMG36e and the plasmid pMG36e-PS1 with the proto-
spacer, but without a PAM sequence (Fig. 1B), indicating that the disrupted Cas9-based
CRISPR-Cas system had the interference activities in LA412.

High-efficiency gene deletion based on the endogenous CRISPR-Cas system. In
this study, pyrE (a native locus in LA412) encoding the orotate phosphoribosyl transfer-
ase was used as the target for testing the interference and gene deletion efficiencies on
the genomic DNA of the endogenous CRISPR-Cas system-based tool. The protospacers
with different PAM sequences in the pyrE gene were targeted by the guide RNAs
(gRNAs) derived from the interference plasmids or the editing plasmids (Fig. 2A). All four
interference plasmids were identified as having cleavage activities at the pyrE gene locus
since they exhibited lower transformation efficiencies than the empty plasmid pMG36e
(Fig. 2B). Moreover, the transformation efficiencies of the editing plasmids were signifi-
cantly lower than those of the corresponding interference plasmids (Fig. 2B). A total of
16 single colonies were randomly selected from transformants. The target gene was
amplified using the primers located upstream/downstream of donor DNA on the chro-
mosome (Fig. 2A). The agarose gel analysis of the PCR products showed the presence of
short DNA bands, suggesting deletion of the pyrE gene (Fig. 2C). The editing plasmids
targeting the protospacer with adjacent AGG, CGG, and GGG PAMs showed 50%, 50%,
and 75% deletion efficiencies on pyrE, respectively (Fig. 2B and C), whereas the editing
plasmid targeting the protospacer with adjacent TGG PAM displayed 100% deletion effi-
ciency on pyrE (Fig. 2B and C). The presence of the wild-type band and pyrE-deleted
band in PCR products indicated that all the pyrE-deleted colonies were the mixed geno-
type (Fig. 2C). After one round of screening on the antibiotic-free plate, a plasmid-cured
pure genotype of the pyrE-deleted single colony was obtained (Fig. 2D) and verified by
DNA sequencing (Fig. 2E).

Considering that the single colonies showed the wild-type gene locus and the
deleted gene locus (Fig. 2C), we further studied whether longer donor DNA could
improve the editing efficiency. Here, we constructed editing plasmids with different
lengths (50, 100, 200, 500, 700, and 1,000 bp) of donor DNA. PCR analysis revealed that
when the length of donor DNA of editing plasmids was 50 bp, 100 bp, or 200 bp, the
randomly selected colonies exhibited only wild-type bands (Fig. S1 in the supplemen-
tal material and Fig. 2F), indicating that it was hard for the donor DNA fragments
shorter than 200 bp to induce homologous recombination after CRISPR interference.
When the length of donor DNA was 500 bp or 700 bp, single colonies displayed both
short DNA bands and the wild-type bands, indicating pyrE gene deletion (Fig. S1 and
Fig. 2F). Importantly, ~10% single colonies showed only pyrE gene-deleted band (pure
genotype) when the transformed editing plasmid carried 1,000-bp donor DNA (Fig. S1
and Fig. 2F).

Then, the counterselection function of the pyrE gene was verified. The results dem-
onstrated that the addition of 5-fluoroorotic acid (5-FOA) into MRS medium strongly
inhibited cell growth of wild-type strain LA412 (Fig. S2A and B). However, there were
no obvious growth differences between wild-type and pyrE-deleted colonies on the
MRS plus 5-FOA and uracil (U) plate (Fig. S2B and D).

Depletion of native plasmids increased cell growth based on the endogenous
CRISPR-Cas system. P. acidilactici LA412 carries two native plasmids (plasmid 1, 57.6 kb,
and plasmid 2, 41.9 kb). We found that the replication protein-coding gene GE00014 on
plasmid 1 and gene GE00039 on plasmid 2 shared 53.80% DNA sequence identity.
Therefore, we selected an identical protospacer on both gene GE00014 and gene
GE00039, cloned it into the plasmid pMG36e-C, and obtained an interference plasmid
pMG36e-Srep (Fig. 3A). Transformation of this interference plasmid led to simultaneous
cleavage of the two native plasmids. PCR amplification of GE00014 and GE00039 genes
confirmed the existence of both or one of two native plasmids (Fig. 3B), whereas the
PCR amplification results of GE00037 gene revealed the deletion of plasmid 1 (Fig. 3B).
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FIG 2 Gene deletion via the endogenous CRISPR-Cas system in P. acidilactici LA412. (A) Schematic of the endogenous CRISPR-based
genome interference (left) and genome deletion (right). Transformation of pMG36e plasmid carrying the repeat-spacer-repeat
expression cassette led to cleavage of the target region matching with the spacer, further resulting in the deletion of the target gene
in the case of transformation of editing plasmid. F and R, respectively, represent the forward and reverse primers used to verify
the target gene deletion. (B) Blue columns indicate relative transformation efficiencies of the interference plasmids targeting pyrE gene,
orange columns indicate those of corresponding editing plasmids, and gray columns denote pyrE deletion efficiencies. The data
are expressed as mean = SD with three technical replicates. Ctrl, empty plasmid pMG36e as the control. (C) The pyrE gene locus of
the randomly selected colonies carrying the editing plasmids was amplified, and the PCR products were verified through agarose gel
analysis. M, DNA ladder; WT, control group with P. acidilactici total DNA as the template; “wt” and “del,” wild-type band and the
pyrE-deleted band, respectively. (D) DNA sequencing peaks of PCR products of the wild-type (wt) and the pyrE-deleted strain (ApyrE).
Partial sequences of the pyrE gene and the recombination right arm are presented. (E) PCR for screening pure-deletion genotype (top
gel) and validating editing plasmid loss (bottom gel) of 23 colonies on the plate. wt indicates control group with P. acidilactici total
DNA (top gel) and pMG36e (bottom gel) as the templates, respectively. (F) Effects of donor length on gene deletion efficiency. Wild
genotype, mixed genotype, and deletion genotype indicate wild-type, both wild-type and pyrE gene deletion, and only pyrE gene

deletion, respectively. A total of 12 colonies were selected from each editing plasmid group for PCR test.

After one round of passage in modified MRS medium containing 5 pg/ml erythromycin,
the GE00037 gene on plasmid 1 became undetectable in several transformants (Fig. 30),
but the GE00033 gene on plasmid 2 remained detectable in all the transformants
(Fig. 3C). After another round of passage, a single colony (P. acidilactici LA412-AP1P2)
was obtained in which both two endogenous plasmids were depleted (Fig. 3D).

We further investigated the effect of native plasmid depletion on the growth of strain
LA412. We found that the native plasmid-depleted strain grew significantly faster than
the wild-type strain throughout the exponential phase (Fig. 3E). After the exponential
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FIG 3 Endogenous CRISPR-mediated depletion of native plasmids increased cell growth. (A) Schematic of the
interference plasmid pMG36e-Srep, which simultaneously targets the replication protein genes on both native
plasmid 1 (P1) and plasmid 2 (P2). These replication protein genes (GE00014 and GE00039) share one identical
protospacer to be targeted. (B) Colony PCR amplification of the target gene, GE0O0037 gene on P1, and
GE00033 gene on P2 from 14 randomly selected transformants (lanes 1 to 14). M, DNA ladder; WT, control
group with P. acidilactici total DNA as the template. (C) PCR amplification of target gene, GE00037, and
GE00033 from 14 transformants (lanes 1 to 14 in panel B) after one passage in modified MRS medium
containing 5 ug/ml erythromycin. (D) PCR amplification of the above 3 genes from the native plasmid-depleted
single colony. A, WT, and “—" indicate the native plasmid-depleted strain, wild-type strain, and double-distilled
water (ddH,O) as the template. (E) Growth curves of wild-type (wt) and the native plasmid-depleted strain
(AP1P2). Data are expressed as the mean = SD with three technical replicates. *, P < 0.05; **, P<0.01.

phase, the wild-type and the native plasmid depletion strains showed no significant dif-
ference in the maximum optical density at 600 nm (ODq,) value (Fig. 3E).

Introduction of point mutation via the endogenous CRISPR-Cas system. Point
mutation was performed at the genomic target site by introducing a mutated nucleotide
to the homology arm on the genome-editing plasmid, with the mpi gene (encoding
mannose phosphate isomerase) as the target (Fig. 4A). The PCR product of the mpi wild-
type gene harbored no Xbal restriction site (Fig. 4B). When a single nucleotide mutation
(T—C) was introduced into the mpi gene, one Xbal restriction site (TCTAGA) would be
created (Fig. 4B). In order to introduce point mutation, P. acidilactici cells were trans-
formed with the editing plasmid, and PCR amplification products of the mpi gene from
the transformants were digested with Xbal. The digested PCR product analysis results
indicated that the desirable point mutation occurred in 9 out of 10 transformants
(Fig. 4C). Of them, one transformant belonged to the pure mutation genotype, and the
other eight transformants belonged to the mixed genotype (Fig. 4C). PCR sequencing
further verified that the mutation was introduced in the desired gene locus (Fig. 4D).

As mentioned above, this strain encodes a disrupted Cas9 endonuclease (Fig. 1A).
Here, we corrected the mutation of the disrupted cas9 gene by converting the TAA
stop codon into GAA codon via the editing tool (Fig. 4E). We further examined the in-
terference efficiencies of the interference plasmids in the cas9-corrected strain
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FIG 4 Introduction of point mutation into the P. acidilactici genome. (A) Schematic of point mutation introduction
based on endogenous CRISPR-Cas system. The editing plasmid cleaved the target region matching with the spacer,
further inducing crossover between the target gene and the donor DNA with a desired nucleotide. (B) Schematic of
point mutation detection. PCR amplification product of the wild-type mpi gene in LA412 was not digested by Xbal
restriction endonuclease. However, the PCR amplification product of the mpi gene with an introduced point mutation
was digested by Xbal to obtain two DNA fragments. (C) PCR products of the mpi gene amplified from 10 randomly
selected transformants (lanes 1 to 10) carrying the editing plasmid or from the wild-type strain (wt) were digested by
Xbal and analyzed by agarose gel. M, DNA ladder; WT, control group using mpi gene of wild-type strain as the
amplification template; undigested, bands of undigested PCR products; fragments 1 and 2, digested bands. (D)
Sequencing peaks of the PCR products amplified from the wild-type and point-mutated mpi gene loci. The red
rectangle marks the mutation site. (E) Sequencing peaks of the PCR products amplified from the wild type (disrupted)
and the corrected cas9 gene locus. The red rectangle indicates TAA stop codon and GAA codon. (F) Blue columns
indicate relative transformation efficiencies of the interference plasmids targeting pyrE gene, orange columns indicate
those of corresponding editing plasmids, and gray columns denote pyrE deletion efficiencies of the editing plasmids in
P. acidilactici LA412cas9 strain. Data are expressed as the mean = SD with three technical replicates.

(LA412cas9) and found that interference efficiencies in LA412cas9 were similar to those
in the wild-type strain LA412 (Fig. 2B and Fig. 4F). However, the transformation efficien-
cies of four editing plasmids in strain LA412cas9 were significantly increased compared
with those in strain LA412 (Fig. 2B and Fig. 4F). Moreover, the proportion of pyrE-
deleted bands in mixed-genotype colonies was much higher than that in wild-type

strain LA412 (Fig. 2C and Fig. S3).

Integration of L-lactate dehydrogenase gene into chromosome enhanced growth
performance and lactic acid fermentation. The genome of P. acidilactici LA412 enco-
des two L-lactate dehydrogenases (.-Idh) and one p-lactate dehydrogenase (p-Idh), of
which NADH-dependent -Idh is encoded by the GE00594 gene. Here, we constructed
the L-Idh-integrating plasmid pMG36e-Sun-LR::P0594/dh so as to insert one (-Idh-
expressing cassette into the noncoding region (between GE0O1508 and GE01509 gene
loci) of the strain LA412 genome. After electroporation, almost all of the colonies were
identified as the mixed genotype since they had both wild type- and /dh-integrated
bands (Fig. 5A). One pure-genotype strain (wt:/dh) was obtained after one round of
screening (Fig. 5B), which was further verified by DNA sequencing (Fig. 5C). Then,
Western blotting showed that the Idh gene was efficiently expressed in the transform-
ant (Fig. 5D). Next, the growth performance of the Idh-overexpressing strain wt:/dh
was examined. Result revealed that the wt:ldh strain showed a significant growth
advantage over the wild-type strain and a higher final cell density, with an ODg,
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FIG 5 Integration and overexpression of Idh gene enhanced cell growth and LA production. (A)
Agarose gel analysis of PCR amplification products of /dh expression cassette in 12 randomly selected
colonies. M, DNA ladder; WT, control group with LA412 total DNA as the template. (B) Agarose gel
analysis of PCR amplification products of Idh expression cassette in the wild-type (wt) and in pure-
genotype P. acidilactici strains obtained after one round of screening. Blue and gray arrows indicate
the integrated and the wild-type bands, respectively. (C) DNA sequencing peaks of PCR products of
right arm amplified from wt and Idh expression cassette amplified from wt:ldh, respectively. (D)
Western blotting of the expression Idh gene. M, Protein ladder. (E) Growth curve of wt and wt:ldh
strains, respectively. (F) LA fermentation of wt and wt:/dh strains.

of 3.40 (Fig. 5E). Furthermore, the wt:ldh strain produced significantly more LA with
higher titer (24.50 g/liter) and productivity (0.34 g/liter/h) than the wild-type strain (Fig. 5F).

DISCUSSION

P. acidilactici is the ideal species for LA and probiotic production. However, no high-
efficiency genome editing method is available except the traditional homologous
recombination method (35). Recently, CRISPR-based genome editing tools have been
developed for engineering industrial microorganisms to achieve high production effi-
ciency and integrate metabolism pathways (36). The endogenous CRISPR-based genome
editing methods especially showed much higher editing efficiency in prokaryotes (23).
Therefore, the endogenous CRISPR-Cas system in P. acidilactici genomes was analyzed.
We found that 21 out of all 71 publicly available P. acidilactici genomes encode the com-
plete II-A CRISPR-Cas system. However, P. acidilactici LA412 encodes a disrupted Cas9 en-
donuclease gene, which is broken into two parts, namely, cas9-N and cas9-C (Fig. 1A). It
could be speculated that this disruption might be caused by the mutation of GAA into
TAA, based on the cas9 gene sequences in other publicly available P. acidilactici strains.
Interference experiments targeting challenge plasmids in wild-type strain LA412 showed
that the interrupted Cas9 in endogenous subtype II-A CRISPR-Cas system was functional
(Fig. 1B) and that high editing efficiency and proportion of edited bands in LA412cas9
suggested an increase in the activities of the corrected system (Fig. 2B and C, Fig. 4F,
and Fig. S3 in the supplemental material), although they were still much lower than
those in Streptococcus thermophilus (12) and Streptococcus pyogenes (37). In addition,
high knockout efficiency of the pyrE gene further demonstrated that the endogenous
subtype II-A CRISPR-Cas system even with the interrupted cas9 gene in P. acidilactici
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LA412 could be employed for high-efficiency gene deletion (Fig. 2C). Since long donor
DNA contributed to high editing efficiency, long donor DNA should be used for genome
editing in P. acidilactici species.

A counterselection marker is important for genetic manipulation. The pyrE gene
encoding the orotate phosphoribosyl transferase was widely used for counterscreen-
ing in selectable genetic systems (38). Inhibition of wild-type cell growth in 5-FOA-con-
taining plates (Fig. STA and B) suggested that the pyrE gene could probably be used as
a counterscreening marker in P. acidilactici species. Therefore, we used the pyrE as the
target gene to test the editing efficiency first, and we further tested the resistance of
the pyrE-deleted cells to 5-FOA. Unexpectedly, the pyrE-deleted strain showed sensitiv-
ity to 5-FOA (Fig. S1B and D). Based on this result, we speculated that in addition to
the pyrE gene, there might be other gene products converting 5-FOA into toxic 5-fluo-
rouracil (5-FU), thus resulting in incomplete growth recovery of ApyrE strain on the
MRS with 5-FOA and U plate. Meanwhile, we found that loss of the editing plasmid
could be achieved by one round of screening on the antibiotic-free plate (Fig. 2E), thus
reducing the dependence on counterselection marker.

The endogenous CRISPR-based editing tool could be used to delete toxic genes or to
enhance pathways of beneficial products in P. acidilactici species. In wild-type strain LA412,
the native plasmid 2 encodes addiction module killer protein (GE00032), which is annotated
as phage-derived Gp49-like protein (DUF891). This protein exhibits 67.52% amino acid
sequence identity with type Il toxin-antitoxin system RelE/ParE family toxin RelE, and RelE
with mRNA endonuclease activity can inhibit protein synthesis (39, 40). Considering this, we
hypothesized that removing native plasmid 2 might be beneficial for cell growth. As shown
in Fig. 3E, the depletion of native plasmids indeed enhanced cell growth, confirming the
value of the genetic tool established in this study. This plasmid-curing strain has high indus-
trial application value due to its growth advantage, shorter production cycle, and lower
production costs. Moreover, the lactic acid production pathway was strengthened via the
endogenous CRISPR-based tool in LA412. The NADH-dependent LDHs contribute to NAD*
regeneration and the intracellular NADH/NAD* balance during sugar catabolism (41).
Therefore, an NADH-dependent Idh gene expression cassette was integrated onto the chro-
mosome based on the genetic tool we established. The result indicated that the integration
and overexpression of the NADH-dependent Idh gene in strain LA412 significantly enhanced
cell growth and LA production (Fig. 5E and F). Overall, the endogenous CRISPR-based
genome editing tool could make P. acidilactici a sophisticated chassis species for synthetic
biology and bioindustry.

MATERIALS AND METHODS

Strains, culture conditions, and transformation. P. acidilactici LA412 was recently isolated from the
fermented soybean product in our laboratory. Strain LA412 and the derived strains (Table 1) were cultured in
the modified MRS medium (5 g/liter glucose, 8 g/liter beef powder, 10 g/liter peptone, 4 g/liter yeast extract,
3 g/liter sodium acetate, 2 g/liter K,HPO,, 2 g/liter ammonium citrate dibasic, 1 g/liter Tween 80, 0.20 g/liter
MgSO,-7H,0, and 0.05 g/liter MnSO,,-H,0) at 37°C. Uracil (U) and 5-fluoroorotic acid (5-FOA) were added into
the MRS medium when required. To prepare the competent cells, a single colony of strain LA412 on the
modified MRS medium plate was transferred into 5 ml modified MRS liquid medium and cultured overnight
at 37°C to obtain the seed culture. Then, 20 ml modified MRS liquid medium containing o/L-threonine (3%)
inoculated with the seed culture (2%) was cultured to OD,,, of 1.50 under the conditions of 37°C and
180rpm. Then, cells were centrifuged, and the pellets were resuspended with 20 ml prechilled buffer |
(205.37 g/liter sucrose, 0.20g/liter MgCl,-6H,0, and 1.86 g/liter K;PO,-3H,0, pH 7.5). This process was con-
ducted twice. Then, the pellets were resuspended in 1 ml prechilled buffer | containing prechilled lysozyme
at a final concentration of 0.1 mg/ml. After incubation at 37°C for 30 min, cells were centrifuged and resus-
pended with 20 ml prechilled buffer solution | twice. Finally, the cells were resuspended with 1 ml prechilled
buffer solution Il (171.15 g/liter sucrose, 10% glycerin), and aliquots (80 wl) were stored at —80°C or immedi-
ately used for electroporation. Centrifugation was conducted at 6,000 x g at 4°C for 5 min.

For electroporation, 500 ng plasmids were added into the cuvette with 80 ul competent cells. Then,
the electroporation was conducted under the conditions of 2,500V, 25 uF, and 200 Q. Immediately after
electroporation, 900 ul prechilled modified MRS liquid medium supplemented with 171.15 g/liter su-
crose was added into the cuvette and placed in an ice bath for 5min. Then, the cells were transferred
into a 1.50-ml centrifuge tube and incubated for 6 h at 37°C with shaking at 180 rpm. Finally, 100 ul cul-
ture was spread on agar plate with modified MRS medium containing 5 ug/ml erythromycin, and the
plates were incubated at 37°C for 2 days.
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TABLE 1 Strains and plasmids used in this study
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Strain or plasmid Characteristic Source
Strains
E. coli Trans10 Host for plasmid construction TransGen Biotech
P. acidilactici LA412 P. acidilactici containing a complete II-A CRISPR-Cas system Lab storage
P. acidilactici LA412-ApyrE P. acidilactici LA412 with pyrE gene deletion This work
P. acidilactici LA412-AP1P2 P. acidilactici LA412 with native plasmid depletion This work
P. acidilactici LA412-mpiy,., P. acidilactici LA412 with point mutation at the mpi gene locus This work
P. acidilactici LA412cas9 P. acidilactici LA412 containing the corrected cas9 gene This work
P. acidilactici LA412::Idh P. acidilactici LA412 integrated with Idh expression cassette This work
Plasmids
pMG36e Expression vector for P. acidilactici Lab storage
pMG36e-C Interference plasmid backbone with one mini-CRISPR cassette This work
pMG36e-PS1 Challenging plasmid without PAM sequence This work
pMG36e-PS1-NGG Challenging plasmid containing a protospacer followed by NGG PAM (N=A, T, G, or C) This work
pMG36e-SpyrE (NGG) Interference plasmid targeting a protospacer followed by an adjacent NGG PAM (N=A, This work
T, G, or C) at the pyrE gene locus
pMG36e-SpyrE-LR (NGG) Gene deletion plasmid targeting a protospacer followed by an adjacent NGG PAM This work
(N=A,T,G, or C) at the pyrE gene locus
pMG36e-Srep Interference plasmid targeting two native plasmids This work
pMG36e-Smpi-LR Editing plasmid for point mutation at mpi gene locus This work
pMG36e-Scas9-LR Editing plasmid for cas9 gene correction This work
pMG36e-Sun-LR::P0594/dh Editing plasmid for integration of /dh expression cassette This work

Genomic DNA extraction, sequencing, and annotation. Five milliliters of strain LA412 cell culture
were centrifuged, and the pellets were resuspended with 180 wl prechilled lysozyme (20 mg/ml) and then
placed in the 37°C incubator for 2 h. Total DNA extraction was next conducted with the DNA extraction kit
(Tiangen), and the DNA extracts were sequenced by Nanopore high-throughput sequencing technology.
A total of 1,195,170 sequence reads were quality controlled and assembled using Canu v1.5 software (42).
Then, the coding gene and CRISPR array on the assembled genome were predicted using Prodigal (43)
and CRT software (44), respectively. Furthermore, the gene function annotation results were obtained by
comparing the predicted gene sequences against the nr database (45) using BLAST (46).

Plasmid construction. To construct the challenging plasmids to be targeted and cleaved by the
host, the cassettes of PS1-NGG in which the PS1 (protospacer 1) matched the first spacer (spacer 1) at
the CRISPR locus in LA412 were cloned between Xbal and Hindlll restriction sites on the pMG36e shuttle
vector (Table 1). The construction of interference plasmids (targeting and cleaving genomic DNA) and
the editing plasmids (targeting and editing genomic DNA such as knockout, knock-in, and point muta-
tion) were based on pMG36e. A DNA fragment containing a mini-CRISPR (repeat-Bbsl-repeat-terminator)
was artificially synthesized and cloned between Xbal and Pstl restriction sites on pMG36e to obtain
pPMG36e-C. To construct the interference plasmids, 30-bp spacers (which matched with the target DNA
sequences followed by an NGG PAM) were cloned between two Bbsl sites on pMG36e-C. To construct
the gene deletion plasmids, the upstream/downstream donor DNA sequences of the target sites were
cloned between Pstl and Hindlll sites on the interference plasmids, respectively. To construct the inte-
gration plasmids, the upstream donor DNA, the DNA sequences to be inserted into the genome, and the
downstream donor DNA were amplified using splicing by overhang extension PCR (SOE PCR), and then
amplification products were cloned between Pstl and Hindlll sites on the interference plasmids.
Specifically, the Idh gene expression cassette in LA412, including its promoter and the open reading
frame, was integrated into the genome for overexpression of lactate dehydrogenase. To construct the
editing plasmids for point mutation, the donor DNAs with the desired nucleotide covering the target
regions were cloned into the interference plasmids. All the primers used were listed in Table 2.

Measurement of the interference and editing efficiency. The empty plasmid pMG36e, challenging
plasmids, interfering plasmids, and editing plasmids were electroporated into P. acidilactici LA412 competent
cells. The colonies on the plates containing 5 wg/ml erythromycin were counted after 48 h incubation. The col-
ony number in the control group (pMG36e) was defined as X1, and that in the challenging plasmid group and
interference plasmid group was defined as X2. The number of colonies carrying the editing plasmid was
defined as X3, and the number of colonies with the edited gene was defined as X4. Each electroporation was
performed in triplicate. Interference efficiency and editing efficiency were calculated in the following formulas.

Interference efficiency(%) = (X1 — X2)/X1 x 100%

Editing efficiency (%) = (X4/X3) x 100%
Pure-genotype strain screening and plasmid curing. The mixed-genotype colonies carrying both
the wild-type and edited gene were isolated from selection plates. These cells were transferred into

modified MRS liquid medium without antibiotics every 6h. After several passages, cell culture was
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TABLE 2 Primers used in this study
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Primer

Sequences (5'-3')

Primers for cloning the challenging plasmids with different PAMs

PS1-F
PS1-R
PS1-AGG-F
PS1-AGG-R
PS1-TGG-F
PS1-TGG-R
PS1-GGG-F
PS1-GGG-R
PS1-CGG-F
PS1-CGG-R

Primers for cloning the interference plasmids targeting the pyrE gene

SpyrE (AGG)-F
SpyrE (AGG)-R
SpyrE (TGG)-F
SpyrE (TGG)-R
SpyrE (GGG)-F
SpyrE (GGG)-R
SpyrE (CGG)-F
SpyrE (CGG)-R

Primers for deletion of the pyrE gene
L(pyrE, 50)-F
R(pyrE, 50)-R
L(pyrE, 100)-F
R(pyrE, 100)-R
L(pyrE, 200)-F
R(pyrE, 200)-R
L(pyrE, 500)-F
R(pyrE, 500)-R
L(pyrE, 700)-F
R(pyrE, 700)-R
L(pyrE, 1,000)-F
R(pyrE, 1,000)-R
L(pyrE)-R
R(pyrf)-F
pyrE-F
pyrE-R

Primers for depletion of native plasmids

Srep-F

Srep-R

rep-F

rep-R

0037-F

0037-R

0033-F

0033-R

Primers for point mutation at the mpi gene
Smpi-F
Smpi-R
L(mpi)-F
L(mpi)-R
R(mpi)-F
R(mpi)-R
mpi-F
mpi-R

Primers for correction of the cas9 gene
Scas9-F
Scas9-R

CTAG CCCTTCATCATTATCAACTTGAAAGGGGTA

AGCT TACCCCTTTCAAGTTGATAATGATGAAGGG

CTAG CCCTTCATCATTATCAACTTGAAAGGGGTA AGG
AGCT CCT TACCCCTTTCAAGTTGATAATGATGAAGGG
CTAG CCCTTCATCATTATCAACTTGAAAGGGGTA TGG
AGCT CCATACCCCTTTCAAGTTGATAATGATGAAGGG
CTAG CCCTTCATCATTATCAACTTGAAAGGGGTA GGG
AGCT CCC TACCCCTTTCAAGTTGATAATGATGAAGGG
CTAG CCCTTCATCATTATCAACTTGAAAGGGGTA CGG
AGCT CCG TACCCCTTTCAAGTTGATAATGATGAAGGG

GATC CAAACCCGCGTTACGTAAACAAATTGCCAC
AAAC GTGGCAATTTGTTTACGTAACGCGGGTTTG
GATC GGCAACGGTGATCGGCGGGGTGGCAACGGC
AAAC GCCGTTGCCACCCCGCCGATCACCGTTGCC
GATC CGTCCGTTCTAAACCCAAGGATCACGGAGC
AAAC GCTCCGTGATCCTTGGGTTTAGAACGGACG
GATC AACAACAACTAACTCCTGCCCAGCTAGATT
AAAC AATCTAGCTGGGCAGGAGTTAGTTGTTGTT

AA CTGCAG TTTTTGTACCCAAAATAGCGA

CCC AAGCTT GATTTAATTGAAACTAAATCTTATT
AA CTGCAG AGTAGGTGGAATGGACGCG

CCC AAGCTT TTGGAAGGTAGCCTAAAAAAGC

AA CTGCAG GTGGCTTGACATTTAATTTCAGG

CCC AAGCTT CGTCCGCTTCGTTAAAGTTT

AA CTGCAG ATCACAAAATTGGACAACAACC

CCC AAGCTT CTAAATTCTCGTCCAAAATTGG

AA CTGCAG GGCTGGGGGGCATGGAC

CCC AAGCTT ACCCGCAAAGTAGACTTGTGC

AA CTGCAG CCCTTAAACCGGCCTTACTG

CCC AAGCTT GGTCATTTGTTTAAAGATCCGTG
AGTTGCGCCCCATTG GTTTGAACCCCTTTATTTGGATTTC
TAAAGGGGTTCAAAC CAATGGGGCGCAACTACAAC
AACATGGTGCCTAGTGACGCC
GCATTCCACCAGTTTGCTTTC

GATC CTACTTATACGGCACCATGCAAAACCTATT
AAAC AATAGGTTTTGCATGGTGCCGTATAAGTAG
CCAAATAGGTTTTGCATGGT
CATGCTAATGACTTCTTAACTGAT
ATGAGCACCACTATTTTATCATT
TTAATGACGTAAATTAAGCAAGA
TTGGCAGTTAAGAGTATTGGATC
TCACAAACATTGAACATTTTTAGC

GATC GTACCATAATGCCCTTGCCCAACGCATGAA
AAAC TTCATGCGTTGGGCAAGGGCATTATGGTAC

AA CTGCAG GCCAGGCTCGCTAACGA
GACTAAAATTCTAGA TGCTAACCAAGACTTGTCCG
AAGTCTTGGTTAGCA TCTAGAATTTTAGTCAATAAAGGA
CCC AAGCTT CGCCTCCCTGGGAGCAC
AAAGTGGTCACCGGAAAC

AGCTCACCCAGAGCACG

GATC CGCACCTTGCCGAGGTGGACCCCACC
AAAC AAAAGGTGGGGTCCACCTCGGCAAGGTGCG
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TABLE 2 (Continued)
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Primer Sequences (5'-3)
L(cas9)-F AA CTGCAG GGATTGATGAATTTAGTGCTAATAA
L(cas9)-R TGGTTTAGCCGGTCA AATAACGTATCAAGCTCAATATTT
R(cas9)-F GCTTGATACGTTATT TGACCGGCTAAACCAGCTTTATGA
R(cas9)-R GG GGTACC TGCCCCATTTTGCCCAGT

Primers for integration of the /dh expression cassette

Sun-F GATC TCAAATTCGCAAAATATCTTGTTATCTAAA

Sun-R AAAC TTTAGATAACAAGATATTTTGCGAATTTGA

L(un)-F GG GGTACC CAATTTCAGCATTGCTTAACAAA

L(un)-R CTCAAGCTGAAGGGG
AATAAACAAAAACGGGCATACTG

0594/dh-F CCGTTTTTGTTTATT CCCCTTCAGCTTGAGCTC

0594/dh-R TATGTATCACAAGAT TTAGTGGTGGTGGTGGTGGTG
TTTGTCTTGTTTTTCAGCAAGA

R(un)-F CACCACCACCACTAA ATCTTGTGATACATAGGGGGGA

R(un)-R GG GGTACC TCGCTTAGGAGGCGATTG

Idh-F TCCGCAAAACGATTACGG

Idh-R CCTTTGTTATTAGCGTTTCAAGC

Primers for validation of plasmid curing

emr-F TCGACCCATATTTAAAAAGC
emr-R AGTTTATGCATCCCTTAACTTA

streaked on agar plate containing modified MRS medium without antibiotics. Then, the targeted genes
of several single colonies were identified through colony PCR. DNA sequencing was conducted to fur-
ther confirm the gene-edited single colonies (pure genotype). In addition, the erythromycin resistance
gene emr in the pMG36e plasmid was amplified to determine the presence of the editing plasmid in the
cells. Generally, the pure-genotype cells without editing plasmid were obtained after 1 to 3 rounds of
screening. The verification primers are listed in Table 2.

Native plasmid depletion. One spacer which matched with two identical 30-bp protospacers fol-
lowed by a TGG PAM on two replication protein genes (GE00014 on plasmid 1 and GE00039 on plasmid
2) was cloned into pMG36e-C to obtain interference plasmid pMG36e-Srep. The resultant pMG36e-Srep
was transformed into P. acidilactici LA412 to cleave both native plasmids. To verify the presence of the
native plasmids, GE00014 and GE00039 genes on two endogenous plasmids were amplified with primer
pair rep-F/rep-R. The GE00037 gene on plasmid P1 and GE00033 gene on plasmid P2 were also amplified
with primer pairs (0037-F/0037-R and 0033-F/0033-R) for further verification. The verification primers are
presented in Table 2.

Lactic acid fermentation. Lactic acid fermentation medium contained 25 g/liter glucose, 5 g/liter
yeast extract, 5g/liter CH,COONa, 2g/liter ammonium citrate dibasic, 2g/liter K,HPO,, 0.58 g/liter
MgSO,-7H,0, 0.25 g/liter MnSO,-H,0, and 0.6 g CaCO,/g glucose. Fermentation was performed in 100 ml
MRS medium inoculated with 2% seed solution (ODg,, of 2.50) at 37°C and 180 rpm. The fermentation
cultures were sampled every 6 to 12 h.

High-performance liquid chromatography analysis. Detection of glucose and LA concentrations
was conducted as described previously (47).

Growth curve measurement. The fresh cell culture was inoculated into 20 ml modified MRS and
incubated at 37°C overnight to obtain the seed culture. Until optical density at 600 nm (ODy,,) reached
1.50, 1% seed culture was then inoculated into 100 ml modified MRS medium and incubated at 37°C.
The ODy,, value of the culture was determined every hour. The experiment was conducted in triplicate.

Western blotting. Cells (20 ml) were cultured to the end of the logarithmic phase (ODg,,, of 2.50)
and then centrifuged. The cell pellets were resuspended with 350 ul lysozyme solution (20 mg/ml) and
incubated at 37°C for 2 h. Afterward, 1.70 ml 2xHEPES buffer was added. Next, the mixture was centri-
fuged (10,000 x g, 4°C, 30 min) after ultrasonic wave treatment, and the supernatant was separated
through 12% SDS-PAGE. Protein was transferred to the nitrocellulose membrane, and antibody reaction
and visualization were conducted as reported previously (48).

Data availability. The genomic sequence was uploaded to the SRA database (accession number
SRR14308572).
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